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Propositions 

1. .An unusual temperature variation of A E~ for the reaction 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

S02 + 1z02 = S0 3 is found when values of A (F 0
- E:) calculated from 

Raman e.nd electron diffraction data a.re combined with the best ex­

isting equilibrium data. 

The considerations used to predict interatomic distances 

between a.toms one of which is a member of the first row are not 

sufficient in general for a. discussion of observed distances when 

a second row element is concerned . .An additional assumption 

enables a reasonable correlation to be made. 

A 1'right angledn structure for sulfur monochloride is 

compatible with all experi:~enta.l evidence. 

The relative reactivity of two organic halides can often 

be predicted from a consideration of their structures, 

The entropy of sulfuryl chloride calculated from the most 

accurate chemical data is in error by approximtttely 10 E, u. 

A relation co1mecting bond distance and bond character 

for bonds which resonate between single., double., and triple states 

can be derived from s~nple considerations. 

The height of the Cl-Cl potential h'ump, restricti:~g free 

rotation, in 1.,2-;-dichloroetha.ne is equal to or greater than 8kT. 

The effect of formal charge on bond distance,i depends upon 

the character of the bond. The percent double bond character when 

calculated in the usual way is in error. 



9. An error ~(ZiZj) vnll cause a maximum error in the posi-

10. 

11 . 

tion of an intensity peak in the simplified theoretical intensity 

curve used in the electron diffraction method, proportional to 

the values for that peak and inversely proportional to its in­

tensity. 

The formal charge effect and the d orbital effect can be 

separately deter.nined for the Se-0 bond from the results of the 

crystal st~~cture determination of Se02 • 

It is time to give more consideration to the a.s si6n.1!lent 

of probable errors to interatomic distances. 

12. The " serious discrepa..'>lcies" found by G. B. B, M, Sutherland 

13. 

[Trans. Faradtty Soc. ~, 325 (1938 TI between the results of the 

electron diffraction and spectroscopic methods are more imaginary 

than real. 

Tho Pre sent freshman and sophomore courses in chemistry 

should be replaced by one unified course extending over the two 

year period. 

Respectfully submitted, 
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Introduction 

In the year 1931 Wierl'1, published a paper in which he gave 

the results of an investigation of the molecular structures of 

some tvrenty compounds in which high velocity electrons were diffracted 

by t..½e respective compounds in the gaseous state. Since tnat 

time electron diffraction by gas molecules has come to be recog­

nized as a powerful tool for the study of molecular structure, 

and today the structures of approximate l;y two hundred compounds have 

been determined by this method. 

Since the molecules of most compounds which have a. fairly high 

vapor pressure at a temperature in the neighborhood of 300° C 

possess covalent bonds, the electron diffraction method is an excel­

lent way of determining the covalent radii of atoms, and of study­

ing the varia tions in interatomic distances due to differences in 

bond type and to differences in environment. The results of such 

studies have demonstrated the usefulness of assigning radii to 

a toms and have also led to empirical relations, for example that 

connecting bond distance and bond type, which enable one to predict 

vrith co nsiderable accuracy the interatomic distances in many com-

pounds. The reliability of these predictions has been adeque.tely 

coni'irmed for compounds co n t a ining first row elements, in particular 

(1) R. Wierl, llJlJl. d. Physik ~, 521 (1931) 



organic compounds. This is due to the comparative simplicity of 

the carbon atom as co11pa red with atoms lying outside the first row 

of the periodic table. However, further study -vtlll no doubt 

lea d to the discovery of more embracing relat ions, wh ich ·will 

enable one to predict, not only distances, but also angles for all 

simple molecules. It is hoped that the results of the in ves-

tigation re ported in the first part of this thesis -vtlll prove 

to be a step in this direction. 

The second pa rt gives the results of an investigation of the 

structures of the dimeric molecules aluminum chloride, bromide, and 

iodide. In the third part the structure of selenium dioxide is 

reported. The fourth pa rt is concerned with the effect of t he 

benzene ring on the C-Cl distance in seven of the chlorobenzene s, 

end in the fifth and last part of this thesis the structure of 

ni trosyl chloride and n:i trosyl bromi de e.re discussed. 



The Structures of Sulfur Monochloride, Sulfur Dichloride, 

Sulfur Trioxide, Thionyl Chloride, Sulfuryl Chloride, 

Vanadium Oxytrichloride, and Chromyl Chloride 
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The Electron Diffraction Investigation of Sulfur Monochloride, 

Sulfur Dichloride, Sulfur Trioxide, Thionyl Chloride, 

Sulfuryl Chloride, Vanadium Oxytrichloride, 

and Chromyl Chloride. 

Despite the rapid development of the electron diffraction method of 

studying the structure of molecules, comparatively few inorganic compounds 

have been investi?;;a.ted by this mea..ris. The stress which has been laid on 

organic mol•~cules is due in part to the large number of organic compotmds 

which have appreciable vapor pressures at, or near, room temperature, as 

compared ·with the number of inorganic compounds in this category, a.nd in 

part to the fact that the organic chemist has in general been more inter-

ested in stereochemistry than the inorganic chemist, a.nd has built up a. 

large a.mou:.YJ.t of purely chemical evidence supporting defin:i.te confie;urations. 

From a purely structural point of view, inorganic mole<rnles are never ­

the:_less of great interest. Especially is i·!:; desirable to determine 

whether or not the empirical relations connecting bond distance with bond 

type, which have proved so useful in the discussion of interatomic distances 

in organic compoUJ.~ds, will be applicable to inorganic molecules as well. 

The investigations reported in this paper were carried out vnth these 

considerations in mind. 

Preparation of Materials. 

Sulfur Dichloride, The sulfur dichloride used was prepared by passing 



dry chlorine into sulfur monochloride until the color of the liquid be­

ca..me deep red. This liquid was then carefully distilled in a.n all-glass 

apparatus, a.nd only a small fraction boiling at 59° C at atmospheric 

pressure was retained. This product was redistilled twice, the middle 

fraction only, being retained. There was no evidence of decomposition 

during the distillation. 

Sulfur :Monochloride. 
~ 

Sulfur monochloride was prepared by passing chlorine 

over hot sulfur. The product was purified by distillation over activated 

bone charcoal and sulfur. The final product was light yellow and boiled 

at 135-6° c. 

Thionyl Chloride. 
~ 

Eastman's thionyl chloride was purified by fractional 

distillation under reduced pressure. 

Sulfur Trioxide. 
-"'.._,. . ..._..,.,,.. ,., 

purification. 

Sufuryl Chloride. 
~ 

Ka.hlbau.n1' s C. P. sulfur trioxide was used without further 

Sulfuryl chloride was prepared by passing a mixture 

of sulfur dioxide and chlorine over ca~phor. The product was purified by 

distillation. 

Chromyl Chloride. 
~ 

Chromyl chloride 1,1ras prepared by heating potassium 

dichroraa.te, pota.ssiu,--n chloride~ and concentrated sulfuric acid. The 

blood-red liquid was purified by distillation. 

Vanadium Ox~richloride. Vanadium oxytrichloride was prepared by passing 

hydrogen over heated V2 0 5 until it was completely reduced to V20 3 • The 

q 



water which was generated by the rea.ction was carefully driven off, and 

chlorine was then introduced. The generated vanadium oxytrichloride was 

condensed in a trap cooled by a mixture of ice and salt. This product was 

purified by repeated distillation. 

Experimental Method 

The method of obtaining a.nd interpreting the photographs ha.s already 
'11 

been described in the literature . All radial distribution curves were 
2 ~ 

calculated using C (equal)'. s2 Ie-as) in place of I as recently suggested. 

Because the vapor pressure of some of the coinpou..l'lds invest:i.gated is very 
-.:b 

low at room temperature it was necessary to use a high temperature nozzle. 

This design of nozzle was found to be particularly advantageous in these 

cases because of the hygroscopic nature of the compounds. 

Sulfur Dichlor~d,!, - The photographs show six well defined rings. The 

second and fourth maxL~a appear to have shelves on the outer edse, the shelf 

on the fourth maximum being more pronounced than that on the second. The 

third a.nd fifth minima (second and fourth on the reproduced curves) appear 

to be broad a.nd less deep than the fourth. 
4 1T sin o/2 

Values of s
0 

( = A ), I (the visually estimated intensities) 
2 

and C ( =s~Ie-aso ) are given L~ Table I. The radial distribution curve 

is reproduced as curve A in Fig. 1. The two well defined peaks at 1. 98 

and 3. 06 i correspond to the S-Cl and Cl-Cl distances, respectiirely. The 

Cl-S-Cl angle is 161 °10', '. -Intensity curves calculated for S-Cl = 1;18 .! 

and Cl-S-Cl angle equal to 101°10 1 , 109°28', 125° and 180° are repro-

) 0 
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'l. 3 

Fig. 1.- Ra.dial distribution curve s for (A) sulfur dichloride, 

(B) sulf'ur monochlo:ride, (C) thionyl chloride, (D) sulfur trioxide, 

(E) sulf'uryl chloride, (F) ch:rornyl chloride• and (G) vanadium oxy-

trichloride, 
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A 

.. :r 

Fig. 2. - Theoretical intensity curves for sulfur dichloride, 

The a.rro,·-rs show the positions of the maxima and minima me a.sured 

on the photographs. 
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TABLE I, 

Sulfur Dichloride 

Max. Min. I C 
(a) 

s/s0 So s 

1 10 3 4.545 4,15 (0.913) 

2 5. 724 5,55 (0,970) 

2 8 5 6,910 6,92 1.001 

3 8,934 8.65 0.968 

3 6 5 10.424 10.48 1,005 

4 11. 790 11,87 1,007 

4 3 2 13.178 13.24 1,005 

5 14,999 15.30 1.020 

5 2 1 16.397 16.76 1.022 

6 17. 851 18.12 1.015 

6 1 l 19.227 19.52 1,015 

.Average = l.006 

Average deviation ~ -0,0ll 

S-Cl = (l . 98)(1.006) = 1,99 :t, 0,03 K 

C_l-Cl = (3.06)(1.006) = 3,08 :t_ 0,04 Jt 

(a) Calculated for the .model with S-Cl = 1,98 ! and Cl-Cl= 3,06 !. 



duced as curves A, B, C, and D respectively i:n Fig. 2. Curve E is the in­

tensity curve for chlorine, which has been included because of the possi­

bility of the sulfur dichloride decomposing to give sulfur monochloride 

and chlorine. This curve can be eliminated because the photographs do not 

appear to have the regular structure required. Curve D is also in disagree­

ment with the photographs, in that a.11 of the peaks have shelves on the 

outer edge, and the fourth minim~~ is not deeper than the third and fifth 

a.s is required by the photographs. In curve C the intensity relations of 

the minima. a.re again wrong, and in addition the third me.ximu.m appears to 

be broad and flat, whe reas the photographs show· i"!:; to be quite sharp. 

Curve B can be eliminated. because the shelf' on the fourth maximum is on 

the inner edge instead of the outer edge, a.s re quired by the photographs, 

and also the third, fourth, and fifth minima have the wrong intens:i.ty 

re la.tionship. 

On the other hand, curve A (101°10' model) agrees very well with the 

photographs. The outside shelf on the second and fourth maxima are present, 

and the fourth minimum is deeper and narrower than either the third or 

fifth, Since this model agrees also wit h the results of the radial dis­

tribution curve it is accepted a.s correct. The qua.ntitati-v·e comparison 

given in the last colu.-rn.n of Table I leads to a.n S-Cl distance of' 1. 995 !. 

The final va.l1les a.re therefore ta.ken as S-Cl = 1. 99 :!:_ o. 03 ! and the angle 

Cl-S-Cl : 101°+ 4°. 

Sulfur Monochloride. - The se..-.nple of sulfur mono chloride was transferred to 

the high temperature nozzle inside a. moisture proof box. When the nozzle 

I 'f • 
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Fig . 3. - Theoretical intensity curve s for sulfur mono chloride. 

The arrows shovr the positions of the maxima and minima me a.sured on 

the photographs . 



was opened after the exposures were made the re was no trace of sulfur 

and the remaining sa.""llple was still l i ght yellow in color . 

The photographs of sulfur monochloride show eight maxima, seven of 

which were accurately measured. The first maximum appears to be _symmetri­

cal, the second has a. very decided outer shelf which is called the t hird 

maximum in t he tables, the fourth is symmetrical, the fifth very broad, 

the sixth sharp, and the seventh is not very prominent. The values of 

s0 , I, and C are given in Table II. The radial distribution curve, cal-­

culated using the values of C, is reproduced as curve Bin Fig. 1. The 

peaks at 2.01, 3.18, and 3.96 i a.re interpreted as the sum of the S-Cl 

and S-S, the long S-Cl, and the Cl-Cl distances; respectively. The small 

peak at 2.47 i is not given any significance. 

The radial distribution curve im.""llediately excludes the structure in 

which there are two chlorine atoms attached to one sulfur atom, because 

under these circumstances the radial distribution curve would ex.h.ibit 

only two peaks of about equal height., (the outer peak bei.."lg due to the 

long S-Cl and Cl-Cl distance~, or perhaps three pea.ks, the outer two lying 

very close together. Of these two outer peaks that representing the long 

S-Cl distance should be approximately twi.ce as intense as that represent­

ing the Cl-Cl distance. Both the heights and the positions of the peaks 

are compatible with the model in which one chlorine atom is attached to 

each sulfur atom. For this reason intensity curves were calculated only 

for configurations compatible with this latter model. 

Assuming the value 1.99 ! f or the S-Cl distance (this value being 



TABLE IJ:. 

Sulfur Monochloride 

Max. Min. I C so 
(a) s • s/s0 

1 10 3 4.632 4.00 (0.861) 

2 5.603 5.48 (0.978) 

2 8 4 6.548 6. 72 1.026 

3 

3 3 2 8.239 8.10 o.983 

4 9.162 9b00 .982 

4 7 6 10.216 10.18 .996 

5 11. 456 11. 52 1.005 

5 5 5 13.237 13.10 . 990 

6 15,069 15.10 1.009 

6 5 4 16.201 16.32 1.007 

7 

7 3 2 19,383 19. 70 1,016 

Average = 1.002 

Average deviation = 0,012 

Final val ·i1e s : S-Cl = 1,99 2:_ 0,03 ! 

S-S = 2,05 :!::, 0,03 ! 

c1-s ... si., = 103° + 2° 

(a) Calculated for the model with S-S = 2.05 !. S-Cl = l. 99 ! 

and Cl-Cl= 3.95 !. 



found in both SC12 and S02 Cl2 ) , a.nd considering the peak at 2. 01 ! to be 

the weighted mean of the two S-Cl and the one S-S distance, it is then 

possible to calculate an S-S distance. The value found is 2.05 ! . Using 

the values 1.99 ! for the S-Cl distance, 2.05 ! for S-S, 3.18 ! for the 

long S-Cl and assuming the value 3.96 ! for the Cl-Cl di stance, the S-S-Cl 

angle is calculated to be 103°35' and the angle between the Cl1-S-S and 

012 -s-s planes 97°7 1 • 

In calculating intensity curves the S-Cl and S-S distances a.nd the 

Cl-S-S angle ¥rere given the values 1.99 !, 205 !, and 103°35 1 respectively. 

This is justifiable because the well resolved inner peaks on the radial 

distribution curve a.re probably reliable to within one percent. Curves 

A, B, and C of Fig. 3 were calculated for models in which the angle between 

the two Cl-S-S pla..~es is 97°7 1 , 180° (trans), and 0° (cis) , respectively. 

Model C can be eliminated because there is no shelf on the outside of the 

second maximum, this shelf being a very distinctive feature of the photo­

gre.phs. Curves A end B agree qualitatively with the photographs. The 

similarity of these two intensity curves., both as regards intensity and 

position of the maxima and minima, makes the reliability of the radial 

distribution peak e.t 3. 96 Jl very doubtful, since the distribution curve 

is calculated with the aid of. just the s0 values and the visually est~nated 

intensities• 

No intensity curves were calculated for models in which there was 

either free or restricted rotation for the reason that there is no feature 

of the curves which appears to be sensitive to the Cl-Cl separation., and 



it is consequently impossible to determine aoourately the nature or height 

of the potential hump restricting free rotation. 

The static trans model can be eliminated however from ot her considera-
& 

tions. Fi~e Raman frequencies have been reported, whereas only three 

frequencies of the trans model are Raman active. It is therefore evident 

that the molecule can have only one static configuration, namely, the so­

called "right angled11 structure, or the chlorine atoms can be oscillating 

or rotating with respect to one another. It is unfortunate that more re­

liability cannot be placed upon the radial distribution peak at 3.96 ! 

because its position and sharpness would then immediately eliminate all 

but the static "right angled" structure. 

6 
Y. Morino ands. Mizushima have recently measured the dipole moment 

of sulfur monochloride, reporting the value of 1 Debye unit. They have 

also measured the Raman spectrum in dilute hexane solution and have con­

cluded from their results that the "right angled" static structure is the 

correct one. It ca.n be said in support of this view that the electron 

diffraction results are compatible with this configuration. 

~ 
Ackermann and Mayer have investigated the molecular structure of 

sulfur mono chloride by the diffraction of compare.ti vely slow (about 6K. V.) 

electrons. They concluded that there is one chlorine atom attached to 

each sulfur atom and claimed to obtain best agreement when they assu.~ed 

s-~ = 1.98 1, S-S = 2,041, and Cl-S-S angle= 105°, They also state that 

the intensity curve calculated fo r free rotation gave the best fit. An 



intensity curve calculated assuming free rotation is a.bnost identical 

with curve A, Fig. 3, and consequently their results a.re in good agreement 

with those obtained in this investigation, 

Thionyl Chloride, - The photographs of thionyl chloride show seven mea.sur-
~ 

able rings., having the visually estimated intensities shown under I, Table III. 

The third minimum (second on curves) appears to be very deep, the fourth 

comparative l y shallow and broad., the fifth fairly sharp but of even less 

depth than the fourth, the sixth deep and well defined, and the seventh 

broad and not as deep as the sixth. The fifth maximum appears to be less 

intense than either the fourth or sixth, The values of s0 , I, and Care 

given in Table III. The radial distribution curve calculated from these 

va.11.les is shovm as curve C in Fig. l. The peaks at 1,46, 2,07, 2,84, and 
are 

3,42 ! Ainterpreted as the S-0, S-01, 01-0, and Cl-Cl distances respectively. 

The value 2.07 ! for the S-Cl distance seemed to be a little large, and 

to make sure that an impurity was not the cause of the apparent anomaly 

electron diffraction photographs were taken of a new sample of thionyl 

chloride, When these were measured, it was found that the s0 values from 

the two sets of photographs were in very good agreement, indicating that 

the large S-01 distance is probably real. 

Intensity curves were calculated for the following models; planar, 

with S-0 = 1,44 !, S-Cl = 2,07 !, and a. Cl-S-Cl angle of 110°, 113°, 116°, 

and 120°; pyramidal, with S-0 = 1.44 !, S-Cl = 2,07 !, Cl-0 = 2,84 ! and 

0 - 0 0 1200 Cl-S-Cl angle equal to 106, 110, 115, and . These last four curves 
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Fig. 4. - Theoretical intensity curves for thionyl 

chloride. The arrows show the positions of the maxima. and 

minima mes.sured on the photographs. 
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TABLE III. 

Thionyl Chloride 

Max. Min. I C so s 
(a) 

S /,. 
(b) 

s/s0 I ''o s 

1 10 4 4. 78 3,98 (0,833) 4,08 (0,854) 

2 5, 79 5,18 (0. 894) 5, 29 (0, 914) 

· 2 8 6 6, 91 7, 05 1,020 6,80 ,984 

3 8,30 8,32 1,002 8,38 1,010 

3 9 11 9, 78 9,79 1,001 9, 69 . 991 

4 n. 67 11,60 0,994 

4 4 6 13,07 13,12 1 , 004 13,32 1,019 

5 14,69 14,46 0,984 14,58 . 993 

5 2 3 16,0!1 16,08 1.001 15. 75 . 980 

6 17,43 17,33 0.994 17,38 ,997 

6 3 4 18,66 18,58 0,996 18, 77 1 , 006 

7 

7 1 1 22.10 22, l 7 1 ,003 22 , 45 1,016 

Average = 0,999 1.000 
Average deviation= 0,007 0,012 

Fina.l Values; S-0 = 1,45 :t_ 0,02 1 0-S-Cl t:. = 106° + 1 ° 

S-Cl= 2,07 :!:, 0,03 ! Cl- S-Cli = 114° + 2° 

Cl-0 = 2, 84 :!:. 0,03 1 

Cl-Cl= 3, 47 :!:, 0,03 A 

(a) Calculated for the model with s-o = 1,4-4..K, S-Cl = 2, 07!, Cl-0 = 2, 84-A, e.nd Cl-Cl=3, 50 
(b) II ti II ti II II ti II II II II II Cl-Cl=3 , 40 



are shown a.s curves A, B, C, a.nd D respectively in Fig . 4. None of the in­

tensity curves for planar models has been reproduced because they a.re all 

in very definite disagreement with the photographs. Curve D can be elimi­

nated because the intensity relat ionship between the first three maxi.~a. is 

wrong ; also, the intensity of the fifth maximum should be \ ess than that of 

either the four-ch or sixth. Curve C is in good qualitat ive agreement with 

the appearance of the photographs. Curve B is also in good agreement ex­

cept for the appearance of the shelf on the inside of the fourth maximum, 

and the equality in depth of the fifth and sixth minimurn. The model finally 

selected is a weighted avera.g;e of these two. Curve A is less satisfactory 

than B because the shelf on the fourth ma.ximu.'11 has beco:gie too prominent 

and the intensity relationships of the fourth, fifth, and sixth maxima, 

which are about right in curves Band C, ar e unsatisfactory. 

The quantitative comparison for models Band C is given in the last 

column of Table III. The final values selected, ta.king into account both 

the results of the radial distributi on curve and the quantitative compari­

sons, are S-0 = 1.45 1 ;t 0.02 !, S-Cl = 2.07 ±. o.03 !, Cl-0 = 2.84 .:t, 0.03 !, 

and Cl-S-Cl angle= 114° :t_ 2°. Thi s leads to an 0-S-Cl angle of 106°17'. 

The same value for the 0-S-Cl angle has been observed in sulphuryl chloride. 

Sulfur Trioxide. - The sample of sulfur trioxide was disti lled under vacuu.~ 
.,., .., w 

into the sample holder, P2 05 being used as the lubricant on the stopcock. 

The best photographs showed six rings, the second of which appears to be 

quite broad, the intensity falling off gr adually on the inside and sorae­

what more abruptl y on the outside. The third ring has a distinct outer 

1 3 
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s /0 

Fig. 5. - Theoretical intensity curves for sulfur trioxide. 

The arrows show the positions of the maxima. and minirn.e. measured 

on the photographs. 



shelf, the other rine;s being more or less regular in appearance, The aver­

age value of the visual measurements of the maxima and minima, e..s well as 

the estime:ted intensities I and the values of C are given in Table IV. 

The radie.l distribut:i.on curve is reproduced in Fig. 1, curve D. The 

t1vo well defined peaks at 1.43 and 2 0 45 ! are interpreted as the S-0 and 

0-0 distances respectively. These values lead to an O-S-0 angle of 117° 50'. 

Theo~etical intensity curve s calculated for models having ru1 S-0 distance 

eque,l to 1. 43 ! and an 9-S-O eJ1gle of 120°, 117° 50 1 , 116°, and 110° are 

shown as curves A, B, C, and D respectively in Fig, 6. Curve Dis not 

acceptable because the shelf on the second maximuin is on the outside, 

rather than the inside, e.nd also because the third maximum does not pos-

sess a distinct enough outer shelf. 

The rather flat top of the second peak with the subsequent steep 

slope on the inside eY.hibited by curve C, e.nd the inner shelf' on the fifth 

maximum a.re also in disagreement vd. th the photographs. Curves A and B are 

very similar, except for the slight change in the nature of the inside 

shelf of the second maximum, and a.re both in good qualitative agreement 

with the photogr8.phs. The intensity of this peak reaches its maximum ve.lue 

at about the same point in both curves A and B, but falls off on the in­

side at approximately a, constant rate in A, while for B the rate is at 

first less than for A and then become s greater. This abrupt change in the 

ra. te of falling off of the intensity in curve B would, ii' exhibited by the 

photographs, probably give the impression of a. definite edge to the shelf, 

whereas no such edge would be expected if the intensity followed curve A, 

J. f 



Max. Ivrin. I 

1 10 

2 

2 7 

3 

3 5 

4 

4 4 

5 

5 2 

6 

6 l 

Final Valuesi 

TABLE IV. 

Sulfur Trioxide 

C 
(a) 

so s 

6 5.692 5.38 

7.422 7.13 

10 10.757 9.91 

12.251 11.72 

8 13.576 13.50 

17. 038 16.30 

6 18 . 461 18.10 

20.860 20,20 

2 23.087 22.63 

1 27.10 26.90 

Average 

Avero.ge deviation 

(0.974)(1.47) = 1. 43 ! 

(0.994)(1.43) = 1,42 ! 

s-o 

o-s-o l = 120° :f 2° 

(a) Calculated for the model with S-0 = 1.47 ! 

(b) Calculated for the model v1ith S-0 = 1. 43 ! ; 

= 
--

s/s0 

(b) 
I s S; s 0 

(0.945) 5.54 (0.973) 

(0.961) 7.35 

. 921 10.20 

.957 12.1.0 

• 994 13.90 

.994 16.83 

.980 18.60 

.969 20.50 

. 981 23.32 

.992 27.20 

0.974 

0.019 

0-S-O angle= 120° 

0-S-O engle = 117°:60'. 

.990 

. 948 

. 988 

1.024 

0.988 

1.007 

. 983 

1 .011 

1.003 

0.994 

0.017 



As no edge can be discerned on the photographs, model A is to be favored 

over model B. 

The ratios s/s0 for curves A and Bare given in Table IV. The final 

values selected for the parameters a.re S-0 = 1 0 43 ::!:, 0.02 1 and 0-S-O engle 

120° + 2°. This leads it1o ~ · p ... o distance of 2. 48 :!:. o. 03 X. 

The dielectric constant of sulfur trioxide vapor has recently been 
~ 

measured over a considerable temperature re.nge, and it was shovm that the 
'the. 

plot of polarization against the reciprocal of the absolute temperature 
/\ . 

gi ves a horizontal straight line, i ndicating that the dipole moment is 

zero in agreement with the planar model. 

Sulfuryl Chloride. - The photographs of sulfuryl chloride have eight measur­
~ 

able maxima. The values of s0 , I, and£ are given in Table V. The radia l 

distribution curve (curve E of Fig. 1) sho.•rs principal peaks at 1.43, l,9~, 

2J6, and 3,851. There is also a small peak at 3.32 !, The first three 

ve.lues are interpreted as being due to the S-0, S-Cl, and Cl-0 distances 

respectively, It is geometrically imposs i bl e fo r a model to have these 

values and at the same time a Cl-C l distance of 3.85 lt. In agreement with 

pa.st experience, it is considered that the radial distribution peak at 

3.85 X, which lies rather far out, is unreliable. 

In ce.lculating intensity curves it has been assumed that the S-Cl 

dish.nee i s 1. 99 !, and except in a. few curves the 01-0 distance he.s been 

t a.ken a.s 2,76 !, The S-0 distance has been varied frorn 1.57 to 1.43 !, 

and the Cl-Cl dist ance from 3, 55 to 3, 06 ! (except for one pla.ne.r model 



SO,CI, 

,.-. . 

Fig, 6, - Theoretical intensity curves for sulfur;s,rl chloride, 

The arrows show the positions of the ma..,"<ima. and minims. measured 

on the photographs, 



in which Cl-Cl= 4.06 K ), Of the twenty-five curves calculated, only 

six are reproduced in Fig. 6. Curves A, B, C, a.nd D were ca.lcula.ted for 

models in which the S-0, S-Cl, and Cl-0 distances were e.ssuraed equal to 

1,43, 1.99, e.nd 2.76 ! respectively, and the Cl-Cl distance was taken e.s 

3.40, 3,32, 3.28, and 3.15 A. Curves E and F were calculated for the 

following models: model E, S-0 = 1.45 !, S-Cl = 1.99 Jt, Cl-0 = 2. 76 .!, 

and Cl-Cl= 3.32 .!; Model F, S-0 = 1.48 !, S-Cl = 1.99 !, Cl-0 = 2.76 !, 

and Cl-Cl= 3.32 !. All other models for which curves were cca.lcula.ted 

were easily elimimi.ted as there was obvious disagreement between the in­

tensity curves and the visual appearance of the photographs. 
is 

The qualitative appearance of the photogra.phs~a.pproxima.tely the 

same as for curve C, Fig. 6, (-vdlich represents the finally selected model) 

except for the very small maximum at a.bout s = 12 which is not observed 

on the photographs. 

Curve A is not satisfe.ctory because the first maximum is missing. 

Curves B, C, and D, which represent nearly identical models, a.re a.11 e.p­

proxime.tely satisfactory. Curve C is, hovrever, better than curve B because 

in the latter the first maximum is not sufficiently well defined, and is 

also superior to curve D because the shelves appearing on the iru1er edge 

of the fifth maximum and the outer edge of the seventh maximum of this 

latter curve can not be observed on the photographs. Curve Eis not satis­

factory because the first maximwn is not well resolved, and also the struc­

ture of the two minima at s == 12 e.nd 21 a.re not compatible with the broad, 

deep appearance of these minima on the pnotogrnphs. Curve Fis made un-
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10 
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2 

7 

2 

1 

TABLE V. 

Sulfuryl Chloride 

C so s (a) 

2 3.140 3.00 

4,085 3.29 

6 5.082 4, 60 

6.165 5.90 

9' 7.299 7.24 

8,679 8,60 

13 10.036 9.93 

12,068 

8 13, 725 13,85 

15,270 15. 15 

4 16,460 16.45 

17. 660 17. 70 

3 18.840 19.15 

1 22.580 23.18 

Average = 

Average deviation = 

s/s 0 

(0.956) 

(0.805) 

(0,905) 

(0,957) 

. 992 

, 991 

• 989 

1.009 

0.999 

1.000 

1.002 

1.016 

1.026 

1,003 

0.010 

(a ) Calculated for the model with S-Cl = 1,99, s~o = l.43l, 

O-S-0 e.ngle equal to 119°48', and Cl-S-Cl angle equal to 111 °12'. 



TABLE VI. 

Final Values of Interatomic Distance s for Sulfuryl Chloride, 

Chrmayl Chloride, and Va.na.dyl Oxytrichloride. 

S-0 -- 1. 43 ±"_ O. 02! 

S-Cl= 1.99 ±"_ 0 0 02! 

Cl-0= 2.76 + 0.03 

Cl-Cl= 3,28 + 0.10 

0-0 = 2.48 ±"_ 0.10 

o-s-o,= 11s 0 48'+ 5° 

Cl-S-C l L = 111 °12' + 2 ° 

Cl -S-0 l. = 106°28' + 2° 

Cr-0 = 1.57 :t_ 0,03! 

Cr-Cl= 2.12 ±"_ 0,02 

Cl-0= 3 0 03 :t_ 0.03 

Cl-CJ. = 3.54 2:. 0.05 

= 2.49 2:. 0.10 

O-Cr-0 I.. = 105°6' + 4° 

Cl-Cr~ClL= 113°16'+ 3° 

Cl-Cr-0 L = 109°34'+ 3° 

VOC 1 3 

v-o = 1.56 :t. o.o4Jt 

V-Cl= 2.12 :t_ 0.03 

c1-o= 3.oo + o.o~ 

Cl-Cl = 3.50 :t, o.o3 

Cl-V-0 L = 108°12' + 2° 



satisfe.ctory by the shelf on t he inside of the fifth maximum. 

The quantitative comparison for curve C i s sho,m in Table V as the 

ratio of s to s0 • The final va.lues selected for the parameters are given 

in Table VI. 

Chromyl Chloride. - The photographs ·of chromyl chloride show seven me asur-
"""" ....,,,., ....,~ 

able maxima. The value s of s0 , I, and Care listed in Table VII. The 

radial distribution curve (curve F of Fig. 1) shows principal peaks at 

1. 57, 2.12, 3.03, and 3.54 !. These are interpreted as the Cr-0, Cr-Cl, 

Cl-0, and Cl-Cl distances, respectively. The intensity curve calculated 

for this model agrees very well, both qualitatively and quant:i.tatively 

with the photographs . This curve is reproduced as curve C, Fig. 7. 

Curves A and B were calculated for models in which Cr-0 = l. 57, Cr-Cl = 

2.12, Cl-0 = 3.03, and the 0-Cr-O angle was given the values 109°28' and 

107° t' 1 re spec 1 ve y . The value of the O-Cr-0 angle in model C is 105°6'. 

Both curves A and Bare less satisfactory than curve C because of the 

disa.ppea.rance of the shelf on the outside of the third maximum and the 

appea.rance of a small maximum at approximate ly s = 17. Intensity curves 

were also calculated for a planar and a tetrahedral model~ but the dis­

agreement with the photographs was so marked that the curves have not been 

reproduced. The qua.nti tative comparison fo r curve C is given in Table VII, 

and the f inally selected values of the parameters are listed in Table VI. 

Vanadium Oxytrichloride. - The photographs of vanadium oxytrichloride have 

seven mea.sure.ble maxima. '.I'he value s of s 0 , I~ and £ being given in Table VIII. 



Cr O,CI, 

FiE. 7. - Theoretical intensity curves for chromyl chloride 

and vanadium. oxytrichloride. The arrows show the positions of 

the maxima and minims. measured on the photographs. 
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TABLE VII. 

Chromyl Chloride 

Max. Min. I C 
(a) 

I So s S; s 0 

1 1.0 6 4,438 4.13 (0.933) 

2 5.629 5,33 (o.. 946) 

2 7 8 6,783 6.57 ,969 

3 8.122 7.90 . 973 

3 8 15 9.304 9.22 . 991 

4 11. 310 11.48 1.012 

4 8 19 12. 788 12.82 1.002 

5 14,076 14.09 1.001 

5 3 7 15.157 15. 30 1.011 

6 

6 1 2 18.210 18.48 1.013 

7 

7 2 3 21,216 21. 35 1.004 

Average = 0,997 

Average deviation = 0.013 

(a) Calculated for the model with Cr-0 = 1,57 Jl, Cr-Cl= 2,12 !, 

0-Cr-O angle equal to 105°, and Cl-Cr-Cl angle equal to 113°. 
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TABLE VIII. 

Iri 
Vanadium Oxy;_chloride 

Min. I C 
(a) 

s/s0 SO s 

10 4 4.193 3.95 (6.943) 

2 5.310 5.11 (0.964) 

7 6 6.700 

3 8.261 8.22 0.995 

7 10 9.427 9.42 0. 999 

4 11.150 

5 9 12,730 12.88 1.012 

5 14. 170 14.07 0.993 

4 7 15.36 15.20 o.990 

6 16.81 

2 3 18. 23 18.48 1.014 

7 19.91 19.90 o. 999 

1 1 21. 10 21.66 1.026 

Average = 1. 004 

Average deviation= 0.011 

(a) Ca.lc-v.lded for the model with V- 0 = l. 56 !, V-Cl = 2 0 12 .K , 

0-V-Cl engle equal to 108°, and Cl-V-Cl angle equal t o 111°. 



The radial distribution curve, (curve G of Fig. 1) shows principal pee.ks 

at l,56~ 2,12, 3.01, and 3,50 X. These values are interpreted as the V-0, 

V-Cl, Cl-0, and Cl-Cl distances, re spectively. 

The intensity curve calcuh.ted for the model with the above distances 

is given as curve D, Fig. 7. This curve gives excellent qualit ative agree ­

ment with the photographs. All other curves which were calculated for 

models varying slightly from the above were less satisfactory and have not 

been reproduced. The quantitative agreement is also very good as is evident 

from the values of the ratio of s . to s
0

shovm in Table VIII. The final 

values selected for the parru~eter s are given in Table VI, 

Discussion. 

It is interesting to inquire why the structure of sulfur monochloride 

is not similar to that of thionyl chloride in an.a.logy to phosgene and 

thiophosgene. The electronic structures of these four molecules are shown 

in Fig. 8. In the ce.se of phosgene and thiophosgene the C-0 and C-S bonds 

are double bonds and consequently the stability of these structures is 

apparent. In thionyl chloride, however, the S-0 bond ca.n only be a single 

bond (semi-polar double bond) if the octet rule is rigorously applied, 

because the sulfur atom posses ses an unshared pair of electrons. A semi~ 

pola.r double bond is nee,rly equivalent in energy to a double bond when it 

i s fo rmed be't ween atoms which have a ls.rge difference in electronegati vity 

(as for exemple sulfur and oxygen) and therefore thionyl chloride can be 



i ": 

considered to have nearly four bonds . If i t)J. ssumed the sulfur monochloride 

structure, it could,on the other hand, form only three bonds, and it con­

sequently prefers the "thionyl chloride 11 structure. 

When the oxygen in thionyl chloride is replaced by sulfur, there will 

be a strong tendency c!m the part of the sulfur atom with t he negative for­

mal charge to share its electrons with the other sulfur atom which possesses 

a positive formal charge, because in this case both a.toms have the sarne 

electronegati vity. This excess of negative charge on the central sulfur 

atom weakens the S-Cl bonds to such an extent that the tote.l bond energy 

would be lesG than the SUL~ of the three single bond energies1 and conse­

quently the confi6ur a.tion in which there is only one chlorine a.tom bonded 

to each sul fur a.tom is more stable. 

The values of the S-0 distance found in this inves.tigation are approxi­
~ 

mately 0 0 08 .ft. shorter than the sum of the double bond radii. The observed 
~ 

dista.x1ce in sulfur dioxide is 1.45 K. Short P-0 a.nd P-S distances have 
s -J:_Q. 

also been found in P4,010 and PSC1 3 , These short diste.nces a.re without much 

doubt due to unstable structures in which the oxygen atom swings in one and 

sometimes two pairs of electrons, forming double ru1d triple bonds resp~oti-ve­

l y with the central atom. These unstable structures make use of either 3d 

or 4s orbits.ls on the sulfur a.tom, and consequently t his effect is not 

present when a first row element occupies the same position as the central 

sulfur a.tom. 

If one considers only electronic structures in which the sulfur e.tom 

.s 7 



is complying with the octet rule, then it is apparent f r om Fig, 8 that the 

S-0 bond possesses½ double bond character in sulfur dioxide, 1/3 double 

bond character in sulfur trioxide, and no double bond character in either 

thionyl or sulfuryl chloride. The predicted S-0 distances for these four 
.JJ; 

molecules, taking into consideration the formal charge effect, are 1.53, 

1.51., 1.69, and 1.69 JL respectively. The predicted distance in sulfur 

trioxide is actually o. 02 ! less than that for sulfur dioxide bece.use in 

the forme r the sulfur atom has a double positive fonnal charge while in 

sulfur dioxide the sulfur a.tom has only a single positive formal charge, 

and this more than compensates for the difference in double bond character. 

It is therefore obvious that a consideration of these electronic structures 

alone is not sufficient to account for the observed distances. 

In order to obtain an insight into the importe.nce of the unstable 

structures in which the octet rule is not obeyed, let us consider the re­

sults found for SiC14 , PC1 3 , SC12 , and Cl2 • The discrepencies between the 

observed A-Cl (A= Si, P, S, and Cl) distances and the sums of the radii 

are O,lo, 0.09, 0.04, and o.oo for the above four molecules. These values 6 

when plotted against the atomic number of A fali on a straight line. Now, 

it is interesting to observe that the 3p-3d separation for Si, P, S, and Cl 
.g, 

is also a linear function of the atomic number, the separation being least 

for the silicon atom and most for the chlorine atom. In accord with the 

usual conditions for resonance, it is to be expected that there will be 

more resonance when two enert~Y leve ls lie close together, and for this 

reason the excited structures will be most important in SiC1 4 and lee.st 
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The electronic structures of phOS£:ieneJ thiophosgene, thionyl chloridq, 

sulfur dioxide, sulfur trioxide, sulfur monochloride J and sulfuryl chloride. 



important in Cl2 , vmich is in accord vrith t he observed shortenings. 

The observed S-0 diste.nces in sulfur dioxide, sulfur trioxide, thionyl 

chloride) and sulfuryl chloride can be qualitatively accounted for in the 

same way. It is neces sary to compare the differences in energy of the S-0 

bonds i n the normal and excited states for ea.ch of the above compounds. 

The energy of a bond has been shown to vary 1,,r:i.th diatance in roughly the 
e, 

same sort of way as the bond character; and therefo re , the energy of the S-0 

bonds resulting from the unexcited structures a l one will be about equal in 

sulfur dioxide and sulfur t rioxide (1.52 !) and considerably larger than 

this in t hionyl or sulfuryl chloride (l.69 !). Let us now make the assump­

tion that the energies of the s~o bonds in the excited structures are near l y 

equal in all four molecules( the energy being le ss than for the normal state 

of thionyl or sulfuryl chloride). It immediately follows that resonance 

betvveen the normal and excited states will be much more i mportant in the 

cases of thionyl chloride e.nd sulfuryl chloride than in the cases of sulfur 

dioxide e.nd sulfur trioxide. This is due to the fact that the energy of 

the normal and excited states lie close t ogether in the first two molecules 

and far a.part in the latter two. 

In consequence of this resonance relationship it is t o be expected 

that the S-0 distance in thionyl and sulfuryl chloride will be decreased 

belovr the value expeeted f rom a considere.tion of the unexcited str uctures 

to a greater extent than the corresponding distances in sulfur dioxide and 

sulfur trioxide. 

Althoug;h it i s to be expected from the above considerations that the 



S-0 distance in the fou1· molecules will be of the sa.me order of magnitude, 

it is regarded as fortuitous that they turn out t.o be nearly equal. 

It is also of interest to note that whereas the 0-S-O angle in sulfuryl 

chloride is nearly 120°, the O-Cr-0 angle in chronyl chloride is only 105° . 

The reason for thi s difference is not apparent. 

A comparison of the results found for vanadium oxytrichlori.de and 

chromyl chloride shows a striking similarity. Not only are the distances 

practically identical but even the angles a.re nearly equal. This result is 

not surprising, however, in view of the arguments given above concerni ng the 

observed intera.tomic distances for second row elements; also the factors 

affecting spatia.l orientation are probably nearly the sane in both of. these 

molecules since vanadium and chromium a.re adjacent i n the periodic table. 

I wish to express my sincere thanks to Mr. Ray Clinton who prepared the 

samples of sulfur monochloride, sulfur dichloride., sulfuryl chloride, and 

chromyl chloride, and especially to Professor Linus Pauling for his me.ny 

helpful suggestions and for his encouragement during the course of this 

inve stiga.tion. 

Surnma.ry-

The molecular structures of sulfur monochloride, sulfur dichloride, 

thionyl chloride, sulfuryl chloride, sulfur trioxide, vanadium oxytrichloride, 

and chromyl chl oride have been investigated by the electron diffraction 

method. The final value s of the intere.tomic distances and angles a.re 

gi v-en in Table IX. 

4 ( 



TABLE IX. 

Final V1o1.J1~es of' Interr.tornic DistEmces and Angles 

SOCl.,, VOC1 3 

A-CJ 1. g9 + o. 03! 1. 99 + o. 031 2. 07 + c,cn X 1. 99 + 9. 02.K 2.12.:. 0.03.K 2.12 ,:t 0.02.$.. 

1.45 + 0.02.ft. 1.43 + 0.02.X 1.43 + 0.02K 1.56 ±_ o.o.u 1.57:: o.o3X 

Cl-0 3.oo + o.o4K 3,03 +. o.o3! 

Cl-Cl 3.47 + o.o3! 3.28 + 0.10! 3.50 + o.o3A 3.54 :t, o.osA 

0-0 2.48 + 0.10ft 2.48 + o.o3X 2.49 2:. 0.10.A 

114" + 2° 111°12 1+ 2° 111 ° + 2° 113° + 3° 

0-A-O L 119°48'+ 5° 120° + 2." 105° + 4° 

Cl-A-0 L 106° + l" 108° + 2° 

s-s 2. 05+ o. 03.A 

Cl-S-S L. 103°+ 2° 



It has been shovm tha.t sulfuryl chloride, va.na.dium oxytrichloride, a.nd 

chromyl chloride ha.ve tetra.hedra.l configurations which a.re however con­

siderably distor ted. Thionyl chloride is pyramidal, a.nd sulfur trioxide 

plenar. Sulfur monochloride ha.s been shovm to have one chlorine atom at­

tached to each sulfur a.tom. The positions of the chlorine ~toms can not 

be detennined with certainty. 
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The Structures of Aluminum Chloride, Bromide, and 

Iodide 



The Electron Diffraction I nvestiga tion of 

Aluminum Chloride, Bromide ., and Iodide, 

By K. J, Palmer and Nonnan Elliott. 

The unusue.l physical and chemice.l properties of aluminum chloride, bromide, 

and iodide lend con siderable interest to the electron diffra ction investigation 

of these compounds in the gas phase. Vapor density measurements have shown 

tha t in the ga seous state below approximately 400°C the substei.nces exist as the 

The same configuration is suggested for these molecules by considera-

tions based on the extreme i onic and the extreme covalent point of view. The 

radius r a tio of the ions Al 3+ and Cl- is o. 40 (ratio of univalent r adii'½, which 

(1) Linus Paulinga J, A. C, S, 

corresponds to tetrahedral coordination, This ca n be achieved for a molecule 

Al2 X6 by the sharin g of an edge between two t etrahedra., as shown in Fig. 1. 

From the covalent point of view this configuration would be expected a s the 

result of the tendency of the aluminum atoms to complete the:r:r octet valence 

shells, the electronic structure of the molecule being 

. ·x_:. 
Al • . 

·: X: .. 

The suggestion of this a s a po ss ible structure for the a luminum ha lides was made 

-~ by Fa.Jans. 

(2) K, Fajans, Zeit. f. Electrochemie ~, 502 (1928) . 

We ha ve ca r r ied out the study of t hese subst::mces by the electron dif­

fraction method., and h ave ve r i fied the double-te trahedral configure.tion of Fig. 1, 



8 

6 4 

5 

. I 

Fig. l. - The spatial con£iguration of the dimeric molecule 

Al2 X6• Positions l and 2 correspond to the e.luminur.1 atoms; the 

remaining positions are occupied by chlorine atoms . 



with some deformation of the tetrahedra., as described below. 

Experimental 

The electron diffraction photographs were obtained and interpreted in 

the usual way • ..J. The wave length of the electrons was o. 0613 1t and the camera 

(3) L. o. Brockway, Rev. Modern Phys.~., 231 (1936). 

distance 10.85 cm. for the chloride and bromide and 20.16 cm. for the iodide. 

The strong tendency of the alu.minum halides to hydrolyze made it 

necessary to transfer the samples to the high temperature nozzle inside a 

moisture proof' box. The nozzle~could then be sealed an~ inserted into the 

(4) L. o. Brockway and K. J. Palmer., This Journal~, 2181 (1937). 
J:A.c..s . 

electron diffraction apparatus, the sarnple not being allowed to come into con-

tact with moist air. This procedure proved to be satisfactory, as was veri-

f'ied by inspection of the nozzle after the exposures were made. In no case 

,Nas there any sign of decomposition. 

Merck's c. P. aluminum chloride was used without further purification. 

1'he aluminum bromide was made by the method of Richards and Krepelka~ The 

(5) w. Richards and H. Krepelka., This Journal 42, 2221 (1920) . 
.1.A c.. s. 

aluminum iodide was prepa red by heating iodine with excess aluminum in an eva.-

cuated glass tube held in a vertical position. The temper2.ture wus maintained 

at 300°C for six hours, in ,,mich time the color due to the iodine vapor had com-

plete ly disappe e.red. The aluminum iodide ·which collected in the lower part of 

the tube along with the e xcess aluminum was sepa r uted from the latter by distilling 

it to the upper pa.rt of the tube and then sealing the tube off at the center. 

The product appe a red in the form of colorle ss highly refra ctive crysta ls. 

There was no evidence of any iodine vapor being present eithe r dur ing or after 

the distillation. These crysta ls were u sed vvi thout further purifica tion. 



Aluminum Chloride.-- The photographs of alv.minum chloride show nine maxima.. 
~,.....,,,.,,., ,..,,., 

The averaged values of s0 , I (the visually estimated intensities), and C 
2 

(equal to Is~e-aso) are given in Table I. The qualitative appearance of 

the photographs is well represented by curve F of Fig. 3 which vm.s calculated 

for the finally accepted model. The radial distribution curve~ curve A of 

:r.A . c. .~. 
(6) L. Pauling and L. o. Brockway. This Journal 57, 2684 (1935). The 
use of the values of 6 in place of Ii has been suggested by v. Schomaker and 
c. Dega.rd. They will publish an account of their investigation soon in 
This Journal . ( J,A .C, '>). 

Fig. 2, calculated using the values of C (Table I) in place of I, shows 

principal pea.ks at 3.56 and 2.11 ! . These v alues are interpreted as the 

Cl-Cl and the short Al-Cl distances respectively. The ratio of these, 1.69, 

is close to that (1. 633) for a regular tetrahedral arrangement ,. of chlorine 

a.toms a.bout the aluminum atoms. Strong support for this structure is pro-

vided by the simplified theoretical intensity curve ca lculated for the regu­

lar tetrahedral model (Curve A of Fig. 3), which shows good, although not 

complete, agreement with the characteristics of the photographs. 

In order to find a model in which the ratio of Cl-Cl to Al-Cl is 

1. 69, all of the edges of the two tetrahedra except the shared edge were 

assumed to have the value 3.56 K, and the eight smallest Al-Cl distances the 

value 2. 11 lt The shared edge would then have the value 2. 58 A. Although 

this distance is much less than the distance of closest approach (2.86 lt) 

observed for two non-bonded chlorine a.toms, a. theoretical intensity curve was 

calculated for th~s model (curve B, Fig. 3), which again is in good but not 

complete agreement with the photographs. Curves C and D, Fig. 3, were cal-

culated for models in which the shared edge he.. s the v&.lue 2. 75 1t and 2. 85 1t 

respectively. The other ten edges have the v a lues 3. 56 K in model C and 

3.541 in model D and the smallest A1-C1 distances the values 2.12 and 2.11 

K respectively. These curves do not agree vdth the photoga.a.phs quite so well 
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B 

C 

.2. 3 'i b 7 

:."ig. 2. - Re.die.1 distribution curves for (A) alm1.inum 

chloride, (B) alumimun bromide, and (C) alwo.inum iodide. 



as does curve B. 

A very l arge decre a se in the ve.lue of the shared edge is necessary in 

order to obtain the r atio 1. 69 when at the same time one keeps the other edges 

of the tetrahedron about equal to 3.56 Kand the short Al-Cl distances all 

equal to 2. ll K. Thus it is evident that the• rp.ode-1s so far assUL1ed have been 

over-simplified and that the stable configuration, although approximating two 

regula r tetrshedra sharing en edge, is in reality considerably distorted. 

In order to obtain an insight into the type of distortion to 1::e expected the 

following calculation was ma.de. 

The molecule is assumed to be completely ionic, and to be represented 

by the potential function 

V = - E 
ij 

E 
ij 

in which rij is the distance between the ith and jth a.to~ Bij is the Born 

coefficient, n is a constant, taken to have the value 9 for this calculation., 

and ei' ej a.re the charges on the ith and jth atoms, taken equal to -1 and +3 

for chlorine and aluminum respectively. It was further assumed that the 

ratio of the B¢s is given by the expression 

B Al-Cl 
Bc1-c1 

= 

where RAl and Rei are the ionic radii of aluminum and chlorine respectively. 

The absolute magnitudes of the B's were obtained by setting °o V = 0 and 
Or 

using rw's corresponding to vno regular tetrahedra with.all short Al-Cl dis-

tances equal to 2.11 K. The w.lues so obta.ined are BAl-Cl = 48.15 and 

Bci-ci = 1755. These values were rettihed throughout the calculation. 

A method of successive approximations wa.s used to carry out the co.1-

culation. Each of the four independent parameters necessary to specify the 

structure was succes sively varied, the process being repeated once. The 



F 

G 

F:i.g. 3. - Theoretical intensity curves for aluminum chloride. 

The vert:tcal lines show the position of the maxima and minima 

measured on the photographs. 



.final values o.f the parameters so obtained indicate the type of distortion to 

be expected in such a structure. With a charge of +3 assumed to reside on 

each of the two aluminum atoms, the repulsion between them is very strong, a.."1.d 

the most notable changes in going from two regular tetrahedra to the final 

equilibrium configuration are the decrease in the length of the shared edge 

and the increase in the Al-Al dista..~ce. This latter effect changes the 

values of the short Al-Cl distances by a l arge amount. 1'he final vo. lue s of 

the interatomic distances calculated in this way are Al1 -Al2 = 3. 60, Al2 -Cl 3 

The subscripts on the atomic 

symbols refer to the position of the atoms as given in Fig. 1 • The average 

. 
of the four Al2 -Cl 3 distances equal to 1. 99 ! and the four Al2 -Cl8 distances 

equal to 2.31 ! (refer to Fig. 1) is 2.15 !, in fair agreement vrith the radial 

distribution peak at 2.11 !. However, if this were the correct model, the 
~kol"tut 

two~Al2 -Cl distances would probably appear as separate peaks in the radial 

distribution curve. Moreover, the intensity curve calculated for this model, 

(Curve E, Fig. 3) does not agree qualitatively with the photographs; the sixth 

maximum is too high and the eighth and ninth minL~a are not of equal depth. 

Seven additional inte.ttsity curves were calculated for models in which 

the four parameters ·we re varied. The model finally selected gives an intensity 

curve (Curve F, Fig. 3) which reproduces the qualitative features of the photo-

graphs in every respect. The values of the interatomic distances for this 

model are listed in Table II. Table I gives the values of sand s0 and 

their ratio, s/s0 , for model F. 

:,- .3 



Table I 

Electron Diffraction Data 

Max. Min. I:it" C 

1 5 2 

2 

2 10 14 

3 

3 5 12 

4 

4 3 10 

5 

5 4 16 

6 

6 l 4 

7 

7 3 12 

8 

8 1 3 

9 

9 2 5 

* Calcula ted for model F. 

for A1u.ninum ~hloride 

So S* 

2.24 2.35 

3.08 2.91 

4.08 3.93 

4.96 4.91 

5.86 5.86 

6.61 6. 51 

7.43 7.18 

8.33 8.40 

9. 23 9.32 

10.11 10.20 

10.98 10.90 

11.90 11.91 

12. 71 12.77 

13. 42 13. 71 

14.47 14.60 

15. 22 15.41 

16.07 16.30 

Average 

Average deviation 

s/s0 

(1.049) 

(0.946) 

( 

( 

.963) 

• 989) 

1.000 

0.985 

.967 

1.008 

1.009 

1.009 

0.993 

1.000 

1.005 

1.022 

1.009 

1.013 

1.014 

1.003 

0.010 



Table II 

In te ra tomic Distances in Aluminum l;hloride 

Distance Number of times 
distance occurs in 
molecule. 

Al2-Cl 3 2.06:. o.o4 ! 4 

Al2-Cl8 2.21:. o.o4 4 

Cl 5-c18 2.83 + 0.1 1 

Cl 3-Cl4 3.53:, 0,04 2 

Cl~-c18 3.56 :_ 0.02 8 

Al1-Al2 3.41:, 0.20 1 

Cl 3-C17 5.49 .:t_ 0.05 2 

Cl 3-Cl0 6. 52 :. o.o5 2 

Al2 -Cl6 4.77:, 0.15 4 



Aluminum Bromide. -- The photographs of aluminum bromide show seven well 
~ 

defined rings and have the same qualitative features as those for aluminum 

chloride. The radial distribution curve has two well defined peaks at 

2. 28 and 3. 77 K. The ratio of 3.77 to 2.28 is 1.65, indicating that the 

tetrahedra in this molecule are probably not distorted to so great an extent 

as for the chloride. Curve A of Fig. 4 was ca lculated for tv,10 regular tetra­

hedra sharing an edge. The curve is in good but not complete qualitative 

agreement with the photographs. Curves B and C of .1rig. 4 were ce.lculated for 

moG4ls having the same type of distortion as that found for the chloride, but 

smaller in magnitude. The tv-ro models are essentially the same except for 

the length of the shared edge. 1n model B this edge was assumed to be 3.36 ! 

and in model C 3.20 X. 

to 2.21 and 2.33 X respectively in model C, and 2.21 and 2.35 X in model B. 

The qualitati-.re agreement of curve C with the photographs is better 
ll\ 'thl! tDl'l'llil" 

than that of curve B in that the fifth maximum ,.is slightly more intense than 

the fourth) ~~ tbe f orwrt>, in agreement 1vith the appearance of the photographs. 

The differences in these two curves are, however, very slight in spite of tre 

fact that the Br 5-Brs distance has been changed by 0.16 K. The insensitive-

ness of the intensity curves to variations in this parameter makes it necessary 

to assign to it a large probable error, 1n Table III there are listed the 

values of I, C, s0 ~ s(for model C), and the ratio of s/s0 , and in Table IV 

there are given the values of the interatomic distances for the molecule 

and their estimated probable errors, 
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B 

C 

Fig. 4. - Theoretical intensity curves for a.lttr,1im.1! ·, b ro:mide. 

The vertical lines show the position of the maxima and ::1inima 

measured on the photograph s. 

.r I 



Ta.ble III 

Electron Diff r a ction Data for Aluminum Bromide 

Max. Min. I C SO S* s/s0 

1 5 2 2.11 2.11 1.000 

2 2,85 2.87 1.007 

2 10 11 3.78 3. 72 o. 998 

3 4.68 4.61 o.999 

3 6 11 5.48 5.60 1. 022 

4 6.28 6,22 o.990 

4 4 9 7.02 6.88 0.980 

5 7.85 7.88 1.004 

5 5 13 8. 73 8.78 1.006 

6 9.59 9.68 1.009 

6 l 2 10,38 10,35 0.997 

7 11.19 ll.17 0.998 

7 2 3 11.84 I. 12. 08 1.023 

Average 1.003 

Average deviation 0.009 

* Calculated for model c. 



Table IV 

Interatomic Distances in Aluminum Bromide 

Distf'..nce Number 

Al2 -Br 3 2.21 :t, o.o4 X 4 

Al2 -Br8 2.33 ~ 0.04 4 

Br 5-Br
8 3.20 .::!:, 0.10 1 

Br 3 -Br4 3. 72 .::!:, o. 03 2 

Br 3 -Br8 3.78 + 0,03 8 

Al1-Al2 3.39 + 0.10 1 

Br 3-Br7 5.76 .::!:, 0.10 2 

Br 3-Br6 6.86 .:!:, 0.10 2 

Al2 -Br5 4,93 .:!:, 0.10 4 



Aluminum Iodide. -- The photogra phs of aluminum iodide, taken with a crnnera 
~ 

distance of 20.16 cm., show seven well defined maxima., the general appe a rance 

of the photogra phs being closely sim.ila.r to that for the chloride and bromide. 

This similarity is strong evidence for the as sumption tha t the structures of 

the three molecules a.re similar in configuration. 

The radia l distribution curve (curve C., Fig. 2)., shows principal 

pe e.ks at 2. 58 and 4. 23 X. The ratio of the l atter to the former distance is 

1. 64., indicating that the structure is very nearly that of two regular iodine 

tetrahedra sharing an edge. 

The ratio of the scattering due to the iodine atoms to that due to 

the aluminum a.toms is very large in al urninum iodide; this makes the detennina­

tion of the positions of the aluminum atoms with any degree of accuracy 

impossible. The intensity curves shovm in Fig. 5 were calculated for models 

approximating those described for aluminum bromide. Curve A is for undis-

torted tetrahedra., and curves Band C for tetrahedra whose shared edge has 

the value 4. 00 and 3, 85 Jt respectively., and for which the Al2 -I 3 and Al2 -I8 

distances have the values 2,58 and 2.54 Jt respectively. Curve A does not 

agree with the photographs in that the relative intensities of the maxima 

are unsatisfactory. Curve C gives a somewhat better representation of the 

appearance of the photographs than curve B, but the differences in these two 

curves, namely, the va rie.tion of the intensities of t he third, fourth, and 

fifth maxima, a.re so small that, as in the CP. Se of the bromide, it is impossible 

to determine the length of the shared edge with much accuracy. The values of 

the interatomic distances with their estimated probable errors are g iven in 

Te.ble VI. The quantitative compa rison of the s value s obtained from curve 

C with the observed s 0 va lues is given in Table V. 



A 

B 

C 

Fig. 5. - Theoretic.al inter.t, H y curves for aluminum i c·dide. 

The vertical lines show the position of the maxima and minima 

measured on the photographs. 



Table V 

Electron Diffraction Data for Aluminum Iodide 

Max. Min. I C So S* s/s
0 

1 9 3 l.88 1.87 0.995 

2 2.51 2. 52 1.004 

2 10 9 3.32 3.33 1.003 

3 4.14 4.08 0.986 

3 7 10 4.85 4.99 1.029 

4 5.56 5.65 1.016 

4 6 9 6.29 6.26 o.995 

5 7.03 1.00 .996 

5 5 10 7.80 7.75 .994 

6 8.62 8.67 1.006 

6 2 3 9.27 9.29 1.002 

7 9.95 9.89 0,994 

7 1 1 10.67 10. 70 1.003 

Average 1.002 

Average deviation 0,008 

* Calculated for model C. 



Table VI 

Interatoraic Distances in Aluminum Iodide 

Distance Number 

Al2 -I 3 2. 58 :, o. 04 .ll 4 

Al2 -Is 2 , 58 :t. o.o4 4 

I 5-I8 2.90+0.15 1 

I3-I4 4.20 + 0,03 2 

l3-I8 4,24 ::.t, 0,02 8 

Al1-A12 3,24 ::.t, 0,15 1 

I3-I7 6.24 2: 0,15 2 

I3-I5 7,542: 0,10 2 

Al2 -I6 5, 22 2: 0, 15 4 



Discussion: 
~ 

The only :report on foe structures of aluminum chloride, bromide_, 

or iodide previous to the present one is that of Ketelaar'V on the structure of 

(7) J. A. A. Ketelaar, z. Krist . .£2,, 237 (1935). 

-------------------------------------------
aluminum chl oride crystals. He found that the chlorine atoms are in hexagonal 

closest packing., this arrangement being compatible ,vith that found for the 

gas molecule in this investigation. However, he chose to place two aluminum 

atoms inside an octahedron of chlorine atoms, and onl;/ o. 56 .1t apart, rather 

than one each inside of two tetrahedra sharing an edge, both of these possibilities 

being provided by the hexagonal closest packed arrangenent. The extent to 

which the x-ray date. can be accounted for by this latter configuration is 

being investigated by one of us. 

Curve G, Fig. 2., is the simplified theoretics.l intensity curve cal­

culated for the 11 octa.hedral11 model of Ketelaar; it is apparent from a compari-

son with curve F that this model cannot represent the structure of the gas mole-

cule. 

The large difference in electronega.tivity between aluminum and the 

halogen atoms leads one to expect that the Al-X bond will be largely ionic, 

and t.1.is is confirmed by the observed contr a.ction of the shared edge. The 

percentage decrease in length of the shared edge is found to be largest in the 

chloride and least in the iodide which i s in accordance with expectation. 

The sums of the tetrahedral radius of aluminum and the normal radii 

for the halogen atoms are 2.24, 2.40~ and 2. 59 K for the chloride, bromide, 

and iodide respec-t:;ively. These va lues are to be compared with the observed 

values, 2.06, 2.21, and 2.53 lt, which are the Al2 -X 3 distances, and 2.21, 2.33, 

and 2, 58 Jt, which are the Al2 - Xs dist:-tnces, for the chloride, bromide, and 

iodide respectively . The observed shortening in the case of the Al2 -X 3 

di stances is probably due to the excited structures in which an X3 halogen 



atom swings in a pair of electrons and forms a double oond with the aluminum e 

atom. This type of resonance is not expected to occur to the same degree 

for halogen atoms forming two bonds, mich accounts for the fact that the 

observed Al2 -X8 diste.nces are nearly equal to the sum of the ap propriate 

radii. 

It is interesting to note that the observed values of the A12 -X 3 distance s 

for 
show a greater tendency ¢" the chlorine and bromine atoms to form double bonds 

than of iodine a.toms; this is compatible with the results of other investiga-

tions. 

We wi.sh to express ou• thanks to Professor Linus Pauling for his aid 

and helpful criticism during the course of this investigation. 

Summary: 
~ 

It is shown that in the gaseous state the dimeric molecules of 

aluminum chloride, bromide, and iodide consist of tvm tetrahedra sharing 

an edge with six halogen atoms at the corners~ each tetrahedron containing 

one aluminum atom. The final values of the interammic distances are as 

follows: 



Al,., CL ~ la 
Al2 Br6 Al2I6 

Al1-Al2 3.412:_0.20 X 3.39 ::_ 0.10 Jt 3. 24 + 0 . 15 Jt 

Al2-X 3 2.06 + 0.04 2.21 + o.o4 2. 53 + o. 04 

Al2-Xs 2.21 + 0.04 2. 33 :t_ 0.04 2.58 + 0 , 04 

Al2-X5 4.77 !_ 0.15 4. 93 :!:_ o. 10 5.22 :!.:_0.15 

Xs-Xiff 3 . 53::. o.o4 3. 72 ±_ o. 03 4.20 :!.:_ 0.03 

X3-X8 3.56 :!.:_0.02 3.78 :t. o.o3 4.24 ::_ 0.02 

Xs-Xs 2. 83 ::_ o. 10 3.20 :!:_ 0.10 2. 90 + 0.15 

X3-X7 5.49 + 0.05 5.76 ,!. 0.10 6.24 + 0.15 

X3-X5 6,52 + 0.05 6. 86 + 0.10 7. 54 + 0.10 

The subscripts on the atoms refer to their positions i n the molecule as given 

in Fig, 1. 



The Structure of Selenium Dioxide 



The Molecular Structure of Selenium Dioxide Vapor 

By K. J. Pa.lmer and Nonna.n Elliott. 

Electron diffraction photographs of selenium dioxide vapor were 

~ 
");a.ken and interpreted in the way already described in the literature. 

The photographs showed five well-defined but rather broad ma...'<:ima, whose 

relative positions and intensities were approximately those to be ex­

pected for a. diatomic molecule. This is due to the relative unimportance 

of the oxygen-oxygen scattering a.s corapared to the selenium-oxygen sca.tter-
4 tr sin &'/2 

ing. The values of.:!. 0 ( = 'A ), the visually measured inten-
-,... 

sities (I), and C ( = Is~e-as0 ) a.re given in Table I. The values of C 

and ,2.o -were used in calculating a radial distribution curve a.s recently 
~ 

suggested, a.nd the resulting curve is reproduced in Fig. 1. The well-

defined peak at 1. 61 1 corresponds to the selenium-oxygen distance; the 

other pea.ks lying farther out a.re too unreliable to be of any importance 

in determining the oxygen-oxygen distance. 

Two simplified intensity curves were calculated, one for a. linear 

model and the other for a. model having a.n 0-Se-O angle of 120°. The 

latter is reproduced in Fig. 2. The tvro curves are so nee.rl;y· identical, 

both with regard to shape and position of the maxima, that it is im­

possible from a qua.lita.tive comparison with the photograph to make a. 

choice between them. The quantitative comparison of sc/s0 given in 

Table I leads to the selenium-oxygen distance 1.61 + 0.03 .!, in exact 

agreei,iemt with the re.dial distribution curve • . In analogy with sulfur 



Fig. 1. - Radial distribution curve for selenium dioxide. 
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Fig. 2. - Intensity curve for seleniwn dio;dd.e, ca.lcule.ted 

for Se-0 = 1.so.ll and O-Se-0 angle= 120°. The positions of the 

arro111s, indice.t.ing mea/$ured maxima and minima, have been decreas­

ed by 8.9 pe rcent to indicate the quantita-&i{Te agreement with the 

final model vdth Se-0 = 1.61.ll. 



TABLE I 

Ma.x. Mi."1. I c 

1 10 33 

2 

2 7 50 

3 

3 4 38 

4 

4 2 17 

5 

5 1 6 

Se-0 = (1,80)(0,894) 

5.185 

6.800 

a. 771 

10.700 

12.404 

14.690 

16. 652 

18,-458 

20.391 

Average 

. (a.) 
.!c 

4.32 

6.00 

7.88 

9.55 

11.28 

13.15 

14.75 

16.50 

18,37 

Average deviation 

= 1,61:t_ 0.03 ! 

(0.833) 

.882 

. 898 

. 893 

.909 

.895 

.886 

,894 

. 901 

0, 894 

0.006 

(a\alculated for the raodel with Se-0 = l, 80 .ft. and the angle O-Se-0 = 120°. 

ll 



,dioxide, the O-Se-0 angle is probably close to 125°. Using this value for 

the angle the oxygen-oxygen distance is 2. 86 JL 

Discussion: 
~ 

The value 1.61 1 is considerably lower than the sum of the double 

bond radii of selenitun and oxygen. The double bond f actor for third 

row elements is 0.93. This gives 1.66 1 for the selenium-oxygen double 

bond distance. On correction for the formal charge effect as suggested 
& 

by Elliott , this is reduced to the value 1.641. If one considers only 

the electronic structures representing resonance betvreen a selenium­

oxygen double bond and a single bond, then ea.ch bond would posses 50 % 

double bond cha.re.cter. The intera.tomic distance. fotmd by application 

of the usual resonance curve, is 1.69 1. The discrepancy between this 

value and that observed is probably due to the importance of electronic 

structures in which the oxygen is bonded to the selenium atom by a triple 

bond, A bond of this type is possible because selenium is not restricted 

rigorously by the octet rule, 

The observed sulfur-oxygen distance is sulfur dioxide bee.rs a.bout 

the same rele.tion to the radii a.s that found f or selenium dioxide. e.nd 

the two molecules are probably closely similar in electronic structure. 
~ 

The selenium dioxide crystal does not contain discrete Se02mole-

cules, but instes.d consists of infinite cha.ins, The observed Se-0 

distances in the crystal, 1.78 ! and 1.73 !, have been discussed by 

McCullough. 

We are indebted to Dr. James D, McCullough for furnishing us with 



the sample of selenium dioxide, and to Professor Linus Pauling for his 

aid end criticism during the course of' this investigation, 

Summary 

Electron diff'raction photographs of seleniu..i dioxide vapor have been 

interpreted to lead to the v-alue l ,61::, 0,03 K for the Se-0 dL~·l;a.nce, 

The value of the angle 0-Se-0 could not be detennined, 
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The Electron Diffraction Investigation of Seven Chlorobenzenes 

BY L. 0. BROCKWAY AND K. J. PALMER 

Introduction 

The effect of conjugation on bond length was 
demonstrated a few years ago in the case of di­
acetylene and cyanogen, 1 in which the single car­
bon bond lying between two triple bonds, as the 
structures are ordinarily written, is 0.11 A. shorter 
than a single bond in an unconjugated system. 
This bond shortening was explained as the effect 
of some double bond character introduced by the 
resonance of the molecules among several electronic 
structures including some having a double bond 
in the position of the single bond in the ordi­
nary structure. This effect is well illustrated by 
the benzene molecule in which resonance chiefly 
between the two Kekule structures shortens the 
single bonds in the individual structures by 0.15 A. 

:More recently in an investigation of the chloro­
ethylenes2 a conjugated system of a similar type 
was found to exist when a single bond lies between 
two atoms, one of which has an unshared pair of 
electrons and the other is connected by a double 
bond to a third atom. In this case similar reso­
nance possibilities arise; and the carbon-chlo­
rine bonds in the chloroethylenes were found to 
be from 0.03 to 0.09 A. shorter than they are in the 
chloromethanes. At that time it was suggested 
that in the halogen substituted benzenes also 
the carbon-halogen bonds would probably be af-

(1) L. 0. Brockway, Proc. Nal. Acad. Sci., 19, 868 (1933). 
(2) L. 0. Brockway, J. Y. Beach and L. Pauling, THIS }OIIR!'AL, 

67, 2693, 2705 (1935). 

fected; and the present investigation was begun 
'to measure the effect and to test the possible influ­
ence of the number and position of the substituent 
atoms. We are now reporting the results qj; the 
electron diffraction investigation of the vaP()rs 
of hexachloro benzene, 1,2, 4, 5-tetrachloro benzene, 
1,3,5-trichlorobenzene, o-, m-, and p-dichloroben­
zenes, and monochlorobenzene. 

Experimental 
The materials used were obtained from the East­

man Kodak Co. Because of their relatively low 
vapor pressures at room temperature it was nec­
essary to use a sample holder and gas nozzle 
which could be heated to about 300°. This con­
sisted of a cylinder of monel metal about an inch 
(2.5 cm.) long and one-half inch (1.27 cm.) in 
diameter. The upper end was fitted with a re­
movable cap which gave access for charging the 
holder with the sample. In the cap was a copper 
plug containing a 0.016" (0.41-mm.) hole through 
which the vapor passt>d to meet the electron beam 
just above the top surface of the cap. The flow of 
vapor was controlled by a needle-pointed rod 
seated into the hole in the copper plug. The 
lower end of the monel cylinder was closed by a 
plate through which a sleeve passed for supporting 
the valve needle. The movement of this needle 
was controlled from the outside through a siphon 
connection. A resistance wire wound on the 
monel cylinder with mica insulation heated the 
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whole arrangement to temperatures which were 
followed by a thermocouple on the top of the re­
movable cap. This style of high temperature 
nozzle has the advantage that vapor flows into 
the apparatus only at the time the exposure is 
being made. 

1 2 3 4 5 6 
Fig. 1.-Curves showing the observed radial distribu­

tions of scattering matter in the chlorobenzenes. The 
heavy vertical lines indicate the values of the interatomic 

i distances determined with the aid of theoretical scattering 
J curves; the relative heights of the lines for each sub­

stance are proportional to the scattering power associated 
with the respective atomic separations. 

Photographs were obtained of the seven sub­
stances mentioned above by the usual technique3 

(3) L 0. Brockway, Rev. Modern Phys., 8, 231 (1936). 

using a camera distance of 10.87 cm. and an elec­
tron wave length of 0.0611 A. From seven to ten 
maxima were measured for each compound and 
the corresponding values of s0 (equal to 41r (sin 0/ 
2) /X) are listed in Tables I-VIL These were com­
bined with visually estimated intensities to give 
the observed radial distributions of scattering 
matter• shown in Fig. 1. The positions of the 
stronger peaks in these curves were taken into 
account in determining the interatomic distances 
in the respective molecules. 

For the calculation of theoretical scattering 
curves models were used in which the benzene ring 
was taken as a regular hexagon with an edge of 
1.39 A., the distance found in benzene6 and in 
mesitylene and hexamethylbenzene. 6 The car­
bon-chlorine bonds in all of the compounds ex­
cept o-dichlorobenzene and 1,2,4,5-tetrachloro~¢ 
benzene were assumed to make 120° angles with • 
the sides of the carbon hexagon, and the different 
carbon-chlorine bonds in a single molecule were,; 
assumed to be equal in length. Wherever carbon -
hydrogen bonds occurred, the distance 1.06 A. 
was used. All interference terms except those , of 
hydrogen-hydrogen were included in the calcula­
tions. Various carbon-chlorine distances were 
assumed, but on account of the greater scattering 
power of chlorine compared with carbon it was'· 
found that the curves for the molecules containing ~ 
several chlorine atoms were not affected by small 
changes in the relative size of the benzene ring. 
Only in the case of chlorobenzene could the car­
bon-carbon distance be determined directly. A 
value for the sum of the carbon-carbon and car­
bon-chlorine bond distances was obtained in each 
case, and the latter distance was fixed with the 
aid of assumed values for the C-C separation. 
For reasons discussed in the final section of this 
paper the carbon-carbon distance in some of the 
compounds (as indicated in • the following para­
graphs) was assumed to be 0.01 A. larger than in 
benzene. 

Hexachlorobenzene.-Three curves calculated 
for hexachlorobenzene, with carbon-chlorine 
distances of 1.68, 1.70, and 1.76 A., respectively, 
show excellent qualitative agreement with the 
observed ten-maximum diffraction pattern. The 
second of these is reproduced in Fig. 2 with the , 

(4) For the procedure used in obtaining these curves see t,.f 
Pau ling and L. 0. Brockway, THIS Jou!<'NAL, 57, 2684 (1935); also1 

w. Schomaker and C, Degard, to be published in THIS JOURNAL, 

(ii) L. Pauling and L. 0. Brockway,' / Chem. Phys., 2,867 (1934). 
(0) I,, Pau li ng an<I L. 0. Brockway, Tms JOURNAi,, 59 , 122:l 

(1937). 
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positions of the measured maxima and minima 
marked. From the data in Table I the ortho 
chlorine-chlorine distance is fixed at 3.11 ± 0.03 
A., the same value being obtained from the other 
two models. This is equal to the sum of the car­
bon-carbon and carbon-chlorine bond distances; 
and with the former assumed to be 1.41 A., the 
latter is given as 1.70 ± 0.03 A. 

Max. !vlin . 

1 
2 

2 
3 

3 
4 

4 
5 

5 
6 

6 
7 

8 
8 
9 

10 

TABLE I 

HEXACHL0R0BENZENE 
I so 

8 2.82 
4.00 

10 4.98 
5.67 

2 6.30 
6.77 

3 7 . 33 
7.85 

6 8.44 
9 . 08 

4 9.83 
2 12.21 

13.61 
5 14.35 
1 16.49 
2 18.87 

sa s/so 

2 . 57 (0. 912) 
3.85 ( . 963) 
4.96 .996 
5.77 1.017 
6.33 1.005 
6 .77 1.000 
7.31 0.998 
7.78 0.991 
8.45 1.001 
9.18 1.011 

(10.00) 

13.78 1.012 
14.56 1.014 
16.66 1.011 
19.15 1.014 

Average 1. 006 

Cl-Cl ( ortho) 3 . 11 A. 
a Calculated for C- C = 1.39 A. and C-Cl = 1.70 A. 

1,3 ,5-Trichloro benzene. -Carbon-chlorine dis­
tances of 1.70, 1.72, and 1.76 A., respectively, 
were used in calculating theoretical intensity 
curves for 1,3,5-trichlo~obenzene. Because they 
lead to the same result the first one only is repro-

TABLE II 

1,3,5-TRICHLOR0BENZENE 
Max. Min. I 

1 8 
2 10 
3 4 

4 
4 4 

5 
5 6 
6 5 

7 
7 2 

8 
8 5 
9 1 

10 2 

a Calculated for C- C 
C-H = 1.06 A. 

so sa s/so 

3.41 
5.22 5.05 (0.968) 
7.29 7.40 1.015 
7.84 7.88 1 .005 
8.48 8.42 0.993 
9.09 9 . 12 • 1.004 
9 .86 9.83 0 . 997 

11. 72 11.87 1.013 
12.39 12.60 1.017 
13. 03 .13.08 L004 
13.68 13. 72 1 . 003 
14 .34 14.50 1. 011 
16 . 55 16 . 58 1. 002 
19 . 04 19 . 18 1.007 

Average 1 . 006 

Ci-Cl ( meta) = 5. 38 A. 
1:39 A.. , C-Cl = 1.70 A.., and 

duced in Fig. 2. The qualitative agreement with 
the photographs is again very good. A small 
change in the scale of this curve is required by the 
quantitative comparison in Table II, which leads 
to the value Cl- Cl (meta) = 5.38 ± 0.05 A. The 
sum of the C-C and C-Cl distances is then 3.10 
± 0.03 A.; and with C-C = 1.41 A., we obtain 
the final value C-Cl = 1.69 ± 0.03 A. 

:¢: 

' ~-

5 15 20 
Fig. 2.-Theoretical electron scattering curves for hexa­

chlorobenzene, 1,3,5-trichlorobenzene, m-dichlorobenzene, 
and p-dichlorobenzene. The positions of the maxima and 
mimima measured on the photographs are shown for each 
substance. 

m-Dichlorobenzene.-Ten maxima were ob­
served on the photographs of m-dichlorobenzene, 
but the last two were too faint for reliable meas­
urements of their diameters to be made. In choos­
ing molecular models to be considered those in­
volving a distortion of the C-Cl bond angles were 
neglected because the interaction of two chlorine 
atoms separated by more than 5 A. is scarcely 
great enough to bend the bonds. The undistorted 
models give curves which reproduce the observe4 
pattern satisfactorily. The three theoreticai 
curves, calculated for C-Cl distances of 1.68, 
1.70, and 1.76 A., respectively, show slight quali­
t ative differences; but in the quantitative com­
parisons with the s0 values from the photographs 
the same value for the meta chlorine-chlorine 
separation is obtained, namely, 5.35 :1:: 0.05 A. 
(Table III) . Accordingly , it is impossible also in 
this case to make a direct determination of the size 
of the benzene ring. With the sum of the C-C 
and C-Cl distances equal to 3.09 :1:: 0.03 A. the 
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separate distances are given the values C-C = 
1.40 A. and C-Cl = 1.69 :1: 0.03 A. 

TABLE III 

m-DICHLOROBENZENE 
Max . Min. I So s• s/ so 

1 8 3.46 3 . 28 (0 . 948) 
2 10 5.34 5.13 ( . 961) 
3 ( 7.02) 7.39 
4 4 8.28 8.34 1. 007 

5 9.07 9.07 1.000 
5 5 9.91 9.86 0.99;3 

(l 10 . 8,(l 10.79 .993 
6 4 11. 77 11. 73 .996 
7 13.07 13.06 '.999 
8 2 14.33 14.50 1.012 
9 (16.47) 16.10 

10 1 (18. 64) 19.15 

Average 1. 000 

Cl-Cl (meta) = 5.35 A. 
° Calculated for C-C = 1.39 A. and C-Cl = 1. 70 A. 

p-Dichlorobenzene.-The three theoretical 
curves for p-dichlorobenzene with C-Cl equal to 
1.68, 1.70, and 1.76 A., respectively, do not show 
significant differences, and on comparison with 
the photographs each of them gives a value for the 
para chlorine-chlorine separation of 6.18 ± 0.06 A. 
(Table IV). The sum of C-C and C-Cl, accord­
ingly, is 3.09 A., so that with a C-C distance of 
1.40 A., the C-Cl distance is 1.69 :1: 0.03 A. 

CHU)h'OUO IZENE 

1·r6A. 

!70A. 

168A. 

TABLE IV 

p-DICHLOROBENZENE 
Max. Min. I so s• s/so 

1 5 3.38 3.25 (0. 961) 
2 10 .5.33 5.27 0.989 
3 2 8 .27 8.30 1.004 

4 9 .05 8 .98 0.993 
4 3 9 .89 9.90 1.001 

5 10.77 10.86 1.008 
5 3 11 . 57 11.58 1.001 
6 2 14.38 14./i3 1. 01] 
7 16.30 16.2-1, 0.99G 

Average 1.000 

Cl-Cl (para) = 6.18 A. 
" Calculated for C-·C = 1.39 A. and C-Cl = 1.70 A. 

to a carbon-carbon distance of 1.37 A., which i~ 
0.02 A. less than that in benzene. For these two' 
reasons the "1.76" model is rejected. The other ;, 
models are equally good, and the average results 
given by them are C-Cl = 1.69 ± 0.03 A. and .• 
C-C = 1.39 :1: 0.02 A. 

o-Dichlorobenzene.-Theoretical intensity 
curves were calculated for three undistorted models 
of o-dichlorobenzene; model A, C-Cl = 1.76 A.; :. 
model B, C-Cl = 1. 70 A.; and model C, C-Cl = 
1.68 A. Model C is in definite disagreement with 
the photographs, since it shows two equal maxima 
at s = 11.6 and 13.0, respectively, where a strong 
maximum and a weak shelf are observed (Fig. 4). 

Model B is unsatisfactory for the same reason. 
Model A, on the other hand, shows good 
qualitative agreement with the photographs 
with respect to the relative intensities of suc;i, 

! ,-.-:) 

cessive maxima. From the data of Table v::g; 
model A gives an ortho Cl-Cl separation of 
3.11 A., a C-Cl distance of 1.74 A., and a 
C-C distance of 1.37 A. This value for the 
C-C distance smaller than in benzene is prob­
ably not correct, however, and the possibility 
of distortion of the carbon-chlorine bond§ was 
considered. 

The satisfactory qualitative appearand~ of 
curve A required that only very small changes 
be made in the relative lengths of the more 

Fig. 3.-Theoretical scattering curves for three molecular models 
of chlorobenzene. important interatomic separations. The 

5 15 20 

Chlorobenzene.-The three theoretical curves 
calculated for chlorobenzene are shown in Fig. 3. 
Of these the first (C-Cl = 1.76 A.) is less satis­
factory than the other two because it fails to show 
the shelf observed in the photographs on the in­
ner side of the sixth maximum (near s = 14.4). 
In Table V it is seen that the "1.76" model leads 

group of carbon-chlorine terms is responsible 
for more than half of the total scattering, and 
their relative contributions were held practically 
constant by choosing new models having the v?,lue 
for the sum of the carbon-carbon and carbon­
chlorine distances required by model A, that is, 
3.11 A. With this restriction three additional 
models were considered in which the chlorine-
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TABLE V 

CHL0R0BENZENE 
Max. Min. I So SA SA/so SB ss/so so so/so 

1 
2 
3 

6 3.41 3 . 18 (0. 932) 3.08 (0. 903) 3.14 (0. 921) 
10 5.42 5.37 .991 5.34 .985 5.29 .976 
3 8.17 8.33 1.020 8.24 1.008 8.10 .991 

9.01 8.97 0.996 8.95 0.994 8.83 .980 
4 10.00 9.95 .995 9 .91 .991 9.78 .978 

10.75 10.88 1. 012 10.85 1.010 10 . 67 .993 
3 11.67 11.63 0.997 11.58 0 .993 11.44 .980 

4 

5 

6 

7 

4 

5 

6 

7 

12.81 12.49 ( . 975) 12.50 ( .976) 12.65 .987 
3 14 .06 14.60 (1. 038) 14.50 (1. 031) 14.28 1. 015 

15.28 15.50 
1 16.24 16.10 

Average 
C-Cl, A. 
C-C 

SA: calculated for C-C = 1. 39 and C-Cl = 1. 68. 
SB: calculated for C-C = 1. 39 and C-Cl = 1. 70. 
so: calculated for C-C = 1 . 39 and C-Cl = 1. 76. 

TABLE VI 

o-DICHL0ROBENZENE 
Max. Min. I So SA sA/so sn sv/so 

8 3.35 3.05 (0. 911) 3.05 (0.911) 
2 1(J 5.24 5.03 ( .960) 5.12 ( .977) 
3 2 ( 7 .00) 6.78 6.79 
4 4 8.31 8.18 0.984 8.29 .998 

5 9 . 18 8.98 .978 9.10 .991 
5 6 10.03 9.88 .985 10.01 .998 

6 10 .86 10. 70 .985 10.88 1 .002 
6 4 11. 74 11.45 .976 11.67 0.994 

7 13.37 13 .36 .999 13.50 1.010 
7 6 14.39 14.35 . 997 14.50 1.008 

8 15.43 15.31 .993 15.44 1.000 
8 1 16.35 16.03 .980 16.20 0.991 

9 17.57 17.55 .999 17 . 53 0.998 
9 3 18.80 18.84 1.002 19.00 1.011 

Average 0.~9 L000 
Cl-Cl (ortho) A. 3.115 3.150 
Sum of C-C and C-Cl 3 . 115 3.110 

SA: calculated for C-C = 1.39 A., C-Cl = 1.76 A., 
Cl-Cl= 3.15A..-undistorted. sn: calculatedforC-C = 
1.39 A., C-Cl = 1.72 A.., Cl-Cl = 3.15 A..-C-Cl angles 
bent through 0°48'. 

chlorine distance is increased above that in the 
undistorted molecule but with the chlorine atoms 
still in the plane of the benzene ring: model D, 
Cl-Cl = 3.15 A.; model E, Cl-Cl = 3.30 A.; 
and model F, Cl-Cl = 3.30 A. In the curve for 
model F (Fig. 4) the third maximum observed 
on the photographs is entirely missing, and the 
shelf observed on the outside of the sixth maxi­
mum (at s = 11.6) does not appear. In curve E 
these features are a little better, and in curve D 
the representation is entirely satisfactory. The 
quantitative comparison from curve Dis the most 
consistent, and it is shown in Table VI. In the 
final result the or tho chlorine-chlorine separation 
is 3.15 ± 0.03 A. and the sum of the carbon-car-

1.015 15.46 1.012 15.25 0.998 
0.991 16.05 0.989 15.87 .978 

1.002 0.998 0.988 
1.684 1.696 1. 739 
1.393 1.387 1.374 

bon and carbon-chlorine distances is 3.11 ± 0.03 1 

A. This latter distance is divided between C-C = 
1.40 A. and C-Cl = 1.71 :1: 0.03 A. 

I\) 
I 

J\ 
l 

' I 
I : 

: I 
' ! 

J'\ i 
I 

5 

~-O!CH'..OF!OBENZf :;[ 

'41 1\ A , I 

I I 

/\c 
! 

15 20 
Fig. 4.-Theoretical scattering curves for various models 

of o-dichlorobenzene. 

1,2,4,5-Tetrachlorobenzene.--Five molecular 
models of 1,2,4,5-tetrachlorobenzene were used 
in calculating theoretical intensity curves. The 
first two were undistorted, i.e., with all C-Cl bonds 
directed toward the center of the benzene ring and 
with C-Cl = 1.70 and 1.76 A., respectively. 
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Both curves failed to reproduce the diffraction 
pattern in the region between s = 5 and 8, and 
the maximum near s = 10 is too small relative to 
the maxima on either side. The second of these 
curves is shown as A in Fig. 5. The following 

i 

5 15 20 

eleclrou diffraction i11vestigatio11 is that of de 
Laszlo 7 on hexachlorobenzene, for which he re­
ports an ortho Cl- Cl distance of 3.10 A., a value 
supported by our result of 3.11 ± 0.03 A. 

R. Schoppe8 obtained X-ray diffraction photo~ 
graphs of the vapors of chlorobenzene, o-, m-, 
and p-dichlorobenzenes, and 1,2,4-trichloro­
benzene. He reports the distances C-Cl = 
1.65 ± 0.03 A., Cl-Cl (ortho) = 3.30 ± 0.0,:i 
A., Cl- Cl (meta) = 5.35 ± 0.08 A., and Cl-Cl 
(para) = 6.10 ± 0.09 A. with an assumed 
C-C distance of 1.42 A. The procedure used 
in fixing on the reported distances is not en­
tirely clear, but it seems probable that the 
observed agreement between theory and ex­
periment would not be affected if values out­
side of the ranges given by the investigator 
were used. In particular, the chlorine-chlo­
rine distance in o-dichlorobefiiene cannot be 
greater than 3.20 A. becaus~ -~f the definite 
disagreement (pointed out in the above dis­
cussion of this compound) between our elec-­
tron-diffraction photographs and theoretical 
diffraction patterns based on models having 

Fig. 5.-Theoretical scattering curves for various models of • 
1,2,4,5-tetrachlorohenzene. distances greater than 3.20 A. This disagree-

distorted models similar to those of o-dichloro-
henzene were calculated: model B, C- Cl = 1.7:2 
A., Cl-Cl (ortho) = 3.18 A.; model C, C-Cl = 
1.72 A., Cl-Cl (ortho) = 3.20 A.; and model D, 
C-Cl = 1.72 A., Cl- Cl (ortho) = 3.30 A. It may 
be noted that the ratios of the meta and ortho 
chlorine-chlorine separations in the four models 
have the respective values: 1. 732, 1.685, 1.662, 
1.593. Model D is eliminated because the fourth 
measured maximum (at s = 10.0) is too strong 
relative to the third and fifth; moreover, no sug­
gestion of the small maximum at s = 13.4 ap­
pears on the photographs. Models B and C give 
better qualitative representations of the photo­
graphs, and the quantitative consistency of the 
data in Table VII is better than for model D. 
The final values taken as intermediate between 
the results from models B and C are known with 
a little less certainty than in the foregoing sub­
stances: Cl-Cl (ortho) = 3.20 ± 0.04 A., Cl-Cl 
(meta) = 5.37 ± 0.06 A., Cl- Cl (para) = 6.25 ± 

0.07 A. The sum of C-C and C-Cl is accordingly 
3.12 ± 0.04 A., which is divided between C-C = 
1.40 A. and C-Cl = 1.72 ± 0.04 A. 

The foregoing results may be compared with the 
results of previous investigations. The only other 

ment is not marked in the region out to 
s = 8 observed by Schoppe but is unmistakable 
i 11 our photographs extending to s = 1 9. His 
value for the meta chlorine-chlorine distauce, 
5.35 A., is supported by our results; but the para 
distance of 6.10 A. is about 0.10 A. too small. 
The distance 1.42 A. which he used for the carbon -

Max. Min. 

2 
:l 

4 
4 

5 

6 
n 

7 

8 

TABLE VII 

1,2,4,5-TETRACHLOROBENZENE 

I so 

8 3.26 
10 5.20 
6 8. 31 

9.11 
5 D.95 

10 .82 
3 11. 86 

13.44 
5 14.20 

15.18 
16.27 

2 18.82 

SB 

3. 18 
5.07 
8.3:l 
D.07 
9.85 

10.87 
11.80 
13.62 
14.47 
15. 22 
16.35 
rn 12 

SB/So 

(0.976) 
( .975) 
1.002 
0.996 

.990 
1.005 
0.994 
1.014 
1.014 
1.003 
1.005 
1.016 

Average 1 . 004 
Cl-Cl (ortho) A_ 3. 19:3 

sc 
3 .1.5 
3.07 
8.33 
H.05 
9.92 

10.85 
12.11 
1:l. 65 
14 . 43 
15.20 
16.20 
19.30 

sc/so 
(0.966) 
( .975) 
l.00~ 
0.993 

. !)97 
1.003 
1.021 
l.O](j 
1.010 
1 . 002 
o. mm 
1.026 

1.007 
3.222 

C l- C l (meta) 5 . 380 ;3. 357 
C l-Cl (para) 6 . 2!i 6. 25 
Sum of C-C ancl C --CI 3 . 12 3 .125 

sn: calculated for C-C = 1.39 A., C- Cl = 1. 72 A., and Cl-Cl 
(ortho) = 3 .18 A. 

sc: calculated for C-C = 1.39 A., C-CI = 1.72 A_, and C-C l 
(ortho) = 3.20 A. 

(7) II. de Laszlo, Proc. Roy. Soc. (London), A146, GG2 ( 1934). 
(8.) IC Schoppe, 7.. J,hy s ,:;,. Cl1em ., B34 , 401 (1930). 
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carbon distance was originally observed in graph­
ite and is 0.02 or 0.03 A. larger than the distance 
in benzene and its derivatives. With this correc­
tion Schoppe's carbon-chlorine distance becomes 
1.67 or 1.68 A., as compared with our values of 
1.69 to 1.11 A. 

An X-ray investigation of hexachlorobenzene 
was made by Kaiser/ who obtained an ortho chlo­
rine- chlorine separation of 3.85 ± 0.05 A. Pierce 10 

investigated chlorobenzene and o- and p-dichloro­
benzenes and reported ortho Cl-Cl = 3.0 A. and 
para Cl-Cl = 6.25 A. 

Hendricks11 obtained a para chlorine-chlorine 
separation of 6.2 A. (our result-6.18 A.) in an 
X-ray investigation of crystalline p-dichloroben­
zene. Mrs. Lonsdale12 studied crystalline hexa­
chlorobenzene; and while she did not obtain a 
complete set of parameter values for the atomic 
positions, the average of the minimum values 
suggested by her for the carbon-chlorine bond 
distances is 1.71 A., in good agreement with the 
result of the present investigation. 

Discussion 
Carbon-Chlorine Distances.-The carbon-­

chlorine bond distances in the seven chloro­
benzenes investigated all lie in the range from 
l.69 to 1.71 A., inclusive (with the exception of 
the value 1.72 A. observed with less certainty in 
tetrachlorobenzene). As was remarked by de 
Laszlo 7 this is 0.06 A. less than the carbon-chlo­
rine distances observed in saturated aliphatic 
chlorine compounds. That such a difference 
might be expected on the basis of a characteristic 
difference in the radii of aliphatic and aromatic 
carbon atoms was suggested by Mrs. Lonsdale13 

in her investigation of hexamethylbenzene. A 
recent more complete analysis6 of hexamethyl­
benzene, however, leads to the same value for the 
length of the bond Car-Ca1 which is observed for 
the bond Ca1-Ca1 in many aliphatic compounds. 

We suggest that the situation which gives rise 
to the shortening is entirely analogous to the 
situation in the chloroethylenes. 2 , If we consider 
the various Lewis electronic structures which 
make appreciable contributions to the normal 
state of o-dichlorobenzene, for example, the first 

·;, two (Fig. 6) are the Kekule structures of the ben-
zene ring. In addition we can write a set of three 

(9) R. Kaiser, Physik. Z., 36, 92 (1935). 
(10) W. C. Pierce, J. Chem. Phys., 2, 1 (1934). 
(11) S. B. Hendricks, Z. Krist., 84, 85 (1!133). 
(12) K. Lonsdale, Proc. Roy. Soc. (London), A133, f>3G (1931). 

{J3) K. Lonsdale, ibid., A123, 494 (1929), 

others in which oue of the chlorine atoms is con­
nected to the ring by a double bond, and an un­
shared pair of electrons appears on one of the 
three carbon atoms ortho or para to the first. ,A 
second set of three structures exists in which the 
other chlorine atom is double bonded. If each of 
these sets of three makes a 10% contribution to 
the normal state of the molecule, the observed 
shortening of 0.05 A. below the value 1.76 A. 
found in the chloromethanes is just accounted for 
on the basis of the empirical relation which has 
been developed between bond length and double 
bond character. 2•

6 A contribution of this mag­
nitude is not unreasonably large, and similar 
formulations can be made for the other chloro­
benzenes. Variations in the degree of double 
bond character might be expected with variations 
in the number and positions of the chlorine atoms 
attached to the ring, but the effect on the bond dis­
tances is evidently less than the experimental er­
ror. The small variations which are observed in, 
the distances bear no definite relation to the num­
ber or positions of the chlorine atoms, although 
the shortest distances are obtained in the four 
compounds not containing chlorine 
tached to adjacent carbon atoms. 

atoms at-

The effect observed 
in the chlorobenzenes 
amounts to 16% double 
bond character for a 
C-Cl distance of 1.69 
A., decreasing to 10% 
for a distance of 1.71 A. 
This is comparable in 
magnitude to the effect 
in the chloroethylenes, 
in which the C-Cl dis­
tances range from 1.69 
to l.73 A. In these 
latter substances there 
is more certain evidence 
for an increase in the 
distance with increase 
in the number of chlo­
rine atoms. This may 

}-< tc, { V. -~ 
·c1 · Cl u 

Fig. 6.-Figures represent­
ing the electronic structures 
of o-dichlorobenzene which 
make appreciable contribu­
tions to the ground state of 
the molecule. The C-H 
bonds are not shown; un­
shared electron pairs are in­
dicated by pairs of dots. 

be due to the fact that the number of chlorine 
atoms adjacent to the double bond ranges from one 
to four, whereas the corresponding number in the 
chlorobenzenes is either one or two. The range 
of the carbon-chlorine distances in the chloro­
benzenes accordingly is less than in the chloro­
ethylenes. 
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A similar shortening of bond distance is ex­
pected for any other substituent atom having an 
unshared electron pair. This has been observed 
by de Laszlo 7 for bromobenzenes and iodoben­
zenes. Dibromoacetylene 14 also shows such an 
effect. 

Distortion of the Benzene Ring.-The reso­
nance situation described above changes the 
character of the bonds in the benzene ring. When 
only the two Kekule structures are to be con­
sidered, each of the six carbon-carbon bonds has 
50% double bond character and the distance 
1.390 A. observed in benzene itself. With the 
consideration of other structures required by the 
observations made on the carbon-chlorine dis­
tances the fraction of double bond character is 
changed and in different amounts for the several 
carbon-carbon bonds. For example, in the case 

◊0-
0 

of o-dichlorobenzene 
formulated in Fig. 6 the 
observed C-Cl distance 
corresponds to a 79% 
contribution of the two 
Kekule structures with 
10.5% for each of the 
two sets of structures 
with double-bonded 
chlorine atoms. Con­

Fig. 7.-Expected values sidering the carbon­
for the C-C bond distances in 
the chlorobenzenes based on carbon bond between 
the observed shortenings in the two atoms to which 
the C-Cl bonds. The mun- the chlorines are at­
bers represent the C-C bond tached we see that of 
lengths in Angstrom units; 
the unmarked bonds are 
fixed by the symmetry of the 
molecule. The lines extend-

the eight structures in 
the figure only the first 
has a double bond in 

ing out from the ring show this position. Accord­
the positions of the attached ingly, the contribution 
chlorine atoms. of this single structure 
represents the degree of double bond character in 
the bond, namely, 39.5%, instead of the 50% 
which it has in benzene. This change affects the 
bond distance in accordance with the relation re­
ferred to above, and we expect 1.408 A. in place 
of 1.390 A. Consideration of the other five bonds 
in the same fashion leads to anticipated distances 
of 1.396, l.390, 1.396, 1.390, and 1.396 A., respec­
tively. While the accuracy of the absolute values 
is affected by the uncertainty in the determination 
of the carbon-chlorine distance (from which the 
relative contributions of the resonating structures 

(14) Unpublished work hy 1Vfr. H enri LCvy in these Laboratories. 

were determined), the directions and orders of 
magnitude of the changes are correct, and we be­
lieve that the benzene ring actually is distorted in 
this way. The average of the above distances is 
1.40 A., and this value was used in interpreting 
the photographs in preference to 1.39 A. 

Changes are expected in the carbon- carbon 
distances in the other chlorobenzenes, too; and 
the observed carbon-chlorine distances have been 
used to obtain the anticipated values shown in 
Fig. 7. The extended bonds mark the positions 
of the chlorine atoms. The numerals represent 
bond lengths in Angstrom units; where a numeral 
is not shown the bond length is fixed by the sym­
metry of the molecule. In each case the average 
carbon-carbon distance for the ring was used in 
the structure determination, since the deviations 
from the average are too small to be detected in a 
diffraction experiment. 

Distortion of the Ortho Chlorine Atoms.­
In the two unsymmetrical compounds having 
chlorine atoms attached to adjacent carbon atoms, 
the chlorine-chlorine separation is larger than it 
would be if their bonds made a 60° angle. In. o­
dichlorobenzene the observed separation is 3.15 A., 
while the "undistorted" separation would be 3.11 
A., an increase of 0.04 A. In 1,2,4,5-tetrachloro­
benzene the observed separation is 3.20 A. and the 
"undistorted" >U2 A.; the greater experimental 
error in the investigation of this substance makes 
it uncertaiu that the increase is actually twice as 
great as in the former compouud. 

Such increases in the separation of ortho-sub­
stituted atoms have been ascribed to the bending 
of the carbon-chlorine bonds due to the mutual 
repulsion of the chlorine atoms. A comparisci~J.,. 
may be made with dichloromethane, in which tJ:!,~ 
2.5° increase in bond angle above the value in t4,e 
symmetrical tetrachloro derivative corresponds 
to an increase in the chlorine- chlorine separation 
from 2.87 to 2.92 A. Since the repulsive poten­
tial is approximately proportional to the inver~e 
ninth power of the separation, the increase in the 
"undistorted" chlorine--chlorine distance to :1.11 
A. in the chlorobenzene is accompanied by a de­
crease to less than half in the force acting between 
the chlorine atoms. Although the decrease in 
force is partly compensated by the more favorable 
direction in which it is applied to the atoms (due 
to the smaller angle between the bonds in chloro­
benzene), we would expect an increase in the chlo­
rine- chlorine separation in o-chlorobenzenes of 
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about 0.02 or 0.03 A. The increase observed is 
from 0.04 to 0.08 A. Accordingly, an explanation 
in addition to the mutual repulsion of the atoms 
is necessary. The distortion of the benzene ring 
discussed above occurs in these unsymmetrical 
compounds in a manner which would increase 
the ortho chlorine atom separations from 0.02 
to 0.04 A. according to the deviations from 120° 
of the various ring angles. Although still other 
effects may be involved it seems probable that 
some of the increase is to be ascribed to distortions 
of the benzene ring. 

It should be noted that even if a regular ben­
zene ring is assumed the bending of the carbon­
chlorine bonds is not large. In o-dichlorobenzene 
the bending calculated with a regular ring is less 
than 1 °; in 1,2,4,5-tetrachlorobenzene it is 1.5 °. 
The distortion of the bond angles is much less than 
has been estimated on the basis of dipole measure­
ments, in the interpretation of which insufficient 
allowance was made for the interaction of the 
moments in the adjacent carbon-halogen bonds. 

We are grateful to Professor Linus Pauling for 
his encouragement and advice during the course 
of this investig« tion. 

Summary 

benzenes have been investigated with the follow-
ing results 

Sum of c-c 
c- ,. (as- Cl-Cl Cl- Cl Cl-Cl 
and sumed), C -l"I, (ortho) , (meta), (para), 

Sabstan~:e c- I, A. A. A. A. A. A. 
C,Cl6 3. 11 1.41 1 70 3.11 5.39 6 .22 
1,3,5-C,H,Cla 3. 10 1. 41 1 69 5.38 
m-C,H,Ch 3 .09 1.40 69 5.35 
p-C6H,Cl, 3 09 l .40 .69 6.18 
C,H5Cl 3.08 1.39 1. 69 
o-C,H,Cl, 3. 11 1. 40 1. 71 3. lfi 
1,2, l,5-C 6H2CI, 3. 12 1.40 1.72 3.20 5.37 6.25 

The decrease of the carbon-chlorine distances be­
low the value 1.76 A. observed in the chlorometh­
anes is due to the contribution of electronic struc­
tures which introduce a degree of double bond 
character in the • carbon- chlorine bonds. The 
resonating structures involved produce distortions 
in the benzene ring amounting in some cases to 
an increase of 0.02 A. in the carbon-carbon dis­
tances. The benzene ring distortion is respon­
sible in part for the increased chlorine-chlorine 
separation observed in the unsymmetrical ortho 
substituted compounds. The distortion of the 
bond angles in the ortho positions is not as great 
as has been supposed previously; even with the 
assumption of a regular benzene ring the ortho 
bonds are bent to the order of 1 °. 

The molecular structures of some of the chloro- PASADENA, CALIF. RECEIVED AUGUST 17, 1937 
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The Electron Diffraction Investigation of Nitrosyl Chloride and Nitrosyl Bromide 

BY J. A. A. KETELAAR AND K. J. PALMER 
• 

An investigation of the molecular structure of 
nitrosyl chloride and bromide seemed to be of in­
terest especially with regard to the conclusions 
which Klinkenberg 1 has drawn from the deter­
mination of the crystal structures of some com­
plex compounds fonned by nitrosyl chloride alJ(l 
nitrosyl fluoride. He found that the nitrosyl 
group in many compounds is present in the state 
of the univalent ON+ ion. In this respect there 
may be specially mentioned the case of the com -
pound 2ONCl·SnCL1, which is isnmorphous with 

(1) L . J. Klink ct1bcrg, l<rr . fro ;,. d1.;111., 66, 74.!J (1V~7). 

(NH4)2SnCl6 and so really has the constitution 
(ON)2SnCl6.2 In the same way he found the 
compounds (ON)ClO4 and (ON)Bl•\ to be isomor­
phous with the corresponding ammonium com­
pounds. 

Electron diffraction photographs were prepared 
in the usual way3 with a film distance of about 
11 cm ., the electro11 wave length being 0.0613 A. 
Some ten to fifteen photographs were taken of 
C'ach compound and sevPral of the best were inter-

(:2) In course nf publicatio11 . 
Cl) J,. n. Hrocbv"y, Re 11. M odem Ph )·s. , 8, 2:!l ( 1~3(;). 
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.02 A., N-0 preted both by the radial distribution method and 
by the visual method involving the comparison 
of calculated curves with the visually estimated 
intensity curves. Tables I and II contain the 
values of s = (4rr sin ,J/2)/>,. for the apparent 
maxima and minima together with the estimated 
intensity values as used in the calculation of the 
radial distribution curves given in Fig. 1. 

NOCI 

I I 

2 A. 3 A. 
Fig. 1.-Radial distribution curves for nitrosyl 

chloride and nitrosyl bromide. 

In applying the visual method we calculated 
intensity curves for different models. Some of 
these are reproduced in Figs. 2 and 3, whereas the 
data for the models used are found in Tables I 
and II. 

TABLE I 

NITROSYL CHLORIDE, ONCl 
Max. Min. I Sob&d. Scaled .a Scaled./ Sobed. 

1 10 3 . 19 3.18 0.997 
2 4 .28 4.25 .999 

2 3 5 .23 5.27 1.008 
3 6.32 6.02 (0. 953) 

:i 7 7.58 7.45 .9&1 
4 8.99 8.95 .99fl 

4 5 10.24 10.33 1.009 
,5 11.48 11.47 0.999 

5 4 12.66 12.84 1. 014 
6 13 . 71 

6 1 14.67 Shelf 
7 15.92 15 .77 0.991 

7 3 17.06 17.20 1 . 008 
8 18.45 18.53 1.004 

8 2 19.61 19 .69 1.004 

Average 1.001 
Average deviation O. 007 

0 Averaged for models B and C. 

M odel A : Cl-0 = 2 .63 A., Cl- N 
1.14 A. 

B : Cl-0 = 2. 64 A., Cl-N 
1.12 A. 

C : Cl- 0 = 2. 65 A., Cl-N 
1. J(j A. 

1. 97 A., N-0 

1. 95 A., N- 0 

1.94 A.., N- 0 

D: Cl- 0 = 2. 65 A.., Cl--N 
1.16 A. 

E: Cl-0 = 2.64 A., Cl- N 
1.18 A. 

1 05 A.., N-0 

Results : Cl--0 = 2.65 ± 0 . 02 A. N - 0 = 1.14 
o.04 A. 

Cl-N = 1.95 ± 0.02 A. Angle Cl-N-0 
116 ± 2° 

TABLE II 

NITROSYL BROMIDE, ONBr 

Max. Min. I Sobsd. 
Scaled. 

(Model B) Scaled./ Sob&l. 

1 8 2.98 2.94 0.997 
2 4.04 

2 1 4.90 4 .90 1.000 
3 5.63 

3 10 6.90 6.87 0.997 
4 8 .32 8.20 .986 

4 6 9.40 9.37 . 997 
5 10.67 10 . 59 . 993 

5 4 11.71 11. 83 1.010 

A veragc O. 997 
Average deviation . 004 

Model A: Br- 0 = 2 . 82 A., Br-N = 2.15 A., N-0 
1.16 A. 

B: Br- 0 = 2.86 A. , Br-N = 2.15 A., N-0 
1.16 A. 

C: Br-0 = 2.86 A., Br- N = 2 . 10 A., N-0 
1. 16 A. 

Results:Br-0 = 2 . 85 ± 0.02A. 
Br-N = 2 .14 ± .02 A. 
[N-0 = 1.15 ± .04 A. ] 

·Angle Br-N-0 = 117 ± 3° 

A 

8 

C 

D 

E 

2 4 6 8 10 12 14 16 18 20 22 

± 

F ig. 2 .-Intensity curves for nitrosyl chloride. Models 
described in T able I. 

Curves B and C of Fig. 2 both give a good repre­
sentation of the appearance of the photographs 
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of nitrosyl chloride. Curve B gives probably a 
better representation of the intensity ratio of the 
fourth and fifth maxima, whereas the faint but 
distinctly visible sixth maximum is perhaps 
somewhat better represented by curve C. The 
final distances chosen were assumed to be be­
tween those for these two very closely related 
models, taking into account also the values from 
the radial distribution curve, i.e., Cl-0 = 2.65 A., 
Cl-N = 1.94 A., and N-O = 1.14 A. The 
values found are: Cl-O = 2.65 = 0.01 A., Cl­
N = 1.95 ± 0.01 A., and N-O = 1.14 ± 0.02 A. 
The bond angle Cl-N-O calculated from these 
distances is found to be 116 ± 2°. The corre­
spondence between calculated curves and the ob­
served intensities is decidedly less satisfactory for 
the other models especially with regard to the 
second maximum with the adjacent second and 
third minima, thus proving the accuracy of the 
results obtained. 

In the case of the calculation of the intensity 
curves for different models of nitrosyl bromide, 
the N-O distance, which contributes in this case 
only very little to the total intensity, was as­
sumed to be about the same as in nitrosyl chloride 
and taken as 1.16 A. In this case model B leads 
to the curve corresponding most satisfactorily 
with the estimated intensities both with regard 
to the second maximum and to the part of the 
curve outside the fifth maximum. The distances 
for the different models are listed in Table II. 
The results on nitrosyl bromide are thus: Br-O = 
2.85 = 0.02 A., Br-N = 2.14 = 0.02 A., N-O 
= 1.15 ± 0.01 A., and the bond angle Br-N-O = 
117 ± 3°. 

The interatomic distances and bond angles arc 
provided with estimated probable errors, indi­
cating the extent to which they can be considered 
as reliable. 

The sample of nitrosyl chloride used in this in­
vestigation, provided by Professor Don M. ,Yost of 
these Laboratories, was considered to be of high 
purity. A sample of nitrosyl bromide was es­
pecially prepared for us by Mr. Carroll Beeson of 
these Laboratories. In the case of nitrosyl chlo­
ride no decomposition of the compound was to be 
feared, as the values of the dissociation constant 
determined by Dixon4 indicate that at room tem­
perature the dissociation is still practically zero. 
In the case of the less stable nitrosyl bromide a 
possible decomposition has to be discussed more 

<•> J. K. Dixon, Z. physik. Chem. Boden stein Feslband, 679 (1931). 
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extensively. The determinations of Blair, Brass, 
and Yost5 lead to a decomposition of about 4% 
at -15° and 200-300 mm. pressure. The sample 
was prepared by combining bromine with almost 
four times the necessary amount of nitrous oxide. 
The extra amount of nitrous oxide was removed 
later by pumping it off at a temperature of -70°. 
The sample was kept constantly at low tem­
perature except for about twenty minutes during 
the exposures when it was at - 30 to -15 °. 
From the measurements of Krauss6 on the velocity 
of the reaction by which ONBr is formed, com­
bined with the values for the equilibrium, the. 
reaction velocity for the decomposition reaction 
can be calculated. It is found that even at + 15° 
and a pressure of 200 mm. only 10-s part is de­
composed in one second. From these data the 
conclusion can be drawn that the decomposition 
of the sample itself at the temperature at which it 
is kept is negligibly small and also that no de­
composition occurs at room t emperature during 
the exposure time of about one-fifth second. 

A 

B 

0 2 4 6 8 10 12 14 16 

Fig. 3.-Intensity curves for nitrosyl bromide. 
Models described in Table II. 

In the paragraphs above the assumption has 
been made that the halogen atom in the nitrosyl 
halides is closer to the nitrogen atom than to the 
oxygen atom. Because of the small difference in 
scattering powers of nitrogen and oxygen, the 
electron-diffraction data do not distinguish be­
tween the structures described above and those 
obt ained from them by interchanging the nitro­
gen and oxygen atoms. We feel, however, that 
the arrangement ONX is more reasonable from 

(5) C. M . Blair, P. D . Brass and D. M. Yost, THIS JOURNAL, 66, 
1916 (1934) . 

(6) W . Krauss, Z. physik. Chem., A176, 295 (1936). 
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the standpoint of valence theory than NOX, 
and so have based our discussion on it, and we 
have correspondingly used the formulas ONCl 
and ONBr rather than the conventional NOCl 
and NOBr m referring to nitrosyl chloride and 
bromide. 

Discussion 

As a result of the electron diffraction investiga­
tion7 of ONCl and ONBr it is found that these 
molecules are non-linear with a bond angle in 
both cases of 116 ± 3°. The distances between 
nitrogen and chlorine and bromine are 1.93 and 
2.14 A., respectively, which are much larger than 
those expected from the sums of single bond radii, 
these latter being 1.69 and l.S4 A., respectively. 
In many cases interatomic distances smaller than 
the sum of the covalent radii have been observed 
arising from contributio11s of structures with 
double bonds instead of single bonds. Distances 
appreciably larger than those expected from single 
bond radii have, however, only been observed 
in very few cases, e. g., in B2H6

8 where the B-B 
and B-H distances were found to be 5 and 7%, 
respectively, larger than those calculated for 
single bond distances. 

A possible explanation of this surprising dis­
crepancy is gained from a discussion of the pos­
sible structures for the ONCl and ONBr mole­
cules besides the nonnal structure described by 
the electronic formula : X. : N: : 0: . A large con-

tribution of a structure with a double bond be­
t ween chlorine and nitrogen atoms is excluded as 
this would result i11 an even shorter distance than 
that calculated for a pure single bond. It will 
be shown, however, that resonance between the 
normal structure and an ionic structure in which 
the molecule is built up from a chlorine (or bro­
mine) ion and a nitrosyl ion results in a larger 
distance between nitrogen and halogen nuclei. 
An estimate of the distances to be expected for a 
pure ionic structure can be gained from the fol­

.lowing considerations. Klinkenberg has found 
that the volume of the nitrosyl ion is somewhat 
less than that of the ammonium ion and about 
the same as that of the hydronium io11 . If 
we assume a spherical form for the NO + ion, 

(7) About two years ago some clectrot?, diffraction photographs of 
ONCI were taken by L. 0. Brockway, L. Pauling, and J. Y. Beach 
in these Laboratories. They arrived at about the same results, 
especially regarding the large CI-N distance, as we <lid from very 
much bettel' photographs. These results were not published, as the 
purity of tho sample used was doubtful. 

(8) S. H. Bauer, Tms JO URNAi, , 69, 10% (lfJ:17). 

this leads to a radius of 1.40 A. The assump­
tion of spherical symmetry, suggested by the 
observed isomorphism between K, NH4, and NO 
compounds, can be explained easily by the pos­
sibility that this high symmetry is caused by the 
rotation of the group just as, e. g., in the case of 
the cyanide ion.9 Taking the radius 1.40 A. for 
the nitrosyl ion and setting the nitrogen and oxy­
gen nuclei at equal distances from the center of 
the ion and at the mutual distance observed in ON­
Cl, i . e., 1.14 A., we find for the distance from the 
nitrogen nucleus to the surface 1.40-0.57 = 0.83 A. 
With the radius of 1.81 A. for the chlorine ion we 
subsequently find 1.81 + 0.83 A. = 2.64 A. as 
the Cl-N distance in a pure ionic structure. We 
see that the assumption of an appreciable con­
tribution of the ionic structure, as suggested 
by the above-mentioned results of Klinkenberg 
on the crystal structure of nitrosyl compounds, 
indeed leads to the high observed halogen-ni­
trogen distances. The electronic constitution of 

the ionic structure could only be : ~I~ : N:: :O:, 10 

having a triple bond between nitrogen and oxy­
gen. The distance calculated from covalent 
radii with the revised value 11 of the double bond 
factor is 1.18 A.; similarly the triple bond dis­
tance is 1.06 A. So we see that the observed ni­
trogen-oxygen distance is somewhat smaller than 
that calculated for the sum of double bond radii, 
pointing to some triple bond character just as 
demanded by a structure resonating between the 
normal and the ionic structures. 

The dependence of the distance on the bond 
character is not known for the N-Cl bond. As­
suming, however, this dependence to be of the 
same form as that for the C-C bond, we calculate 
about 50% ionic character for nitrosyl chloride and 
bromide. This percentage would result in an N-O 
distance of 1.11 A., fairly close to the observed 
value of 1.14 A. The data obtained from the elec­
tron diffraction investigation thus lead to the·~on­
clusion that ONCl and ONBr have an appreciable 
amount of ionic character. Data on their dipole 
moments are not found in the literature, and one 
of us (J. A. A. K.) proposes to determine the values 
of these quantities. The low boiling points sug­
gest, however, that they will be small. 

We are indebted to Professor Don M. Yost and 

(9) J. M. Bijvoet and H . J. Verweel, Rec. trav. chim., 64, 631 
(1935) . 

110) L. Pauling, Tms JOURNAL, 53, 3230 (1931). 
(II) L. Pauling and L. O. Brockway, i~id. , 69, 1223 (J!J37). 
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Mr. C. Beeson for samples used in this inves­
tigation, and to Professor Linus Pauling for his 
constant interest and his criticism. One of us 
CT- A. A. K.) is indebted to the Netherland­
America Foundation for a gift enabling him to 
stay at the California Institute of Technology 
while carrying out this investigation. 

Summary 

The arrangements of atoms in the molecules of 
nitrosyl chloride and nitrosyl bromide have been 
determined by electron diffraction, the interpreta­
tion being made both by the radial distribution 

method and by the usual visual method. The 
following results were ~btained- nitrosyl chloride : 
Cl-O = 2.65 ± 0.01 A ., Cl-N = 1.95 ± 0.01 A. , 
N-O = 1.14 ± 0.02 A., angle Cl-N-O = 116 
± 2°; nitrosyl bromide: Br-O = 2.85 ± 0.02 A., 
Br-N = 2.14 ± 0.02 A., N-O = 1.1.'> ± 0.04 A., 
angle Br-N-O = 117 ± 3°. 

The surprisingly large halogen-nitrogen dis­
tances found are explained as caused by resonance 
between the normal covalent structure and the 
ionic structure. 
LEYDEN, THE NETHERLANDS 
PASADENA, CALIF. RECEIVED SEPTEMBER 28, 1937 
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SUllli'll.ary 

The structure of sulfur dichloride., sulfur monochloride, thionyl 

chloride, sulfur trioxide, sulfuryl chloride 3 chromyl chloride, ve.na­

dit-un oxytrichloride, alwninurn chloride, aluminum bromide, aluminum 

iodide, selenium dioxide, nitrosyl chloride, nitrosyl bromide, and 

seven chlorobenzenes have been investigated by the electron diffrac­

tion method. The results are reported in this thesis. 

An explanation of the short S-0 distance which occurs in sulfur 

dioxide, sulfur trioxide, thionyl chloride., and sulfuryl chloride is 

given. 

The effect of the benzene ring on the C-Cl distance, and the 

distortion produced in the benzene ring itself by the C-Cl bond is 

discussed. 

The ve.lues of the interatomic diste.nces and angles are summa.rized,. 

on the following pages: 

Page ~i. - Sulfur dichloride, sulfur monochloride, thionyl chloride, 

sulfur trioxide, sulfuryl chloride, chromyl chloride, and 

va.nadiiua oxytrichloride. 

Pe.gel,b. - Aluminum chloride, aluminum bromide, and aluminum iodide. 

Page 7 3 . - Selenium dioxide. 

Page &:S. - Monochlorobenzene, 0-m-p-dichlorobenzene, 1, 3, 5,tri­

chlorobenzene, 1,2,4,5, tetrachlorobenzene, and hexa.chloro­

benzene. 

Page 8'1 . - Ni trosyl chloride and nitrosyl bromide. 




