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SECTION I

HODIFICLATION OF THE RADIAL DISTRIBULTON LEZIHOD
0F THTERFRETATION OF ELECGTRON DIFFRAGTION

FPHOTOGRATHS OF GAS MOLECULES



&

A. Introduction |

The problem of the interpretation of data obtained
Trom experiments on the diffraction of electrons by
@as mol@eﬂlsﬁl, for the purpose of obtaining informa-
tion about interatomic distanves and bond angles in
8 large number of compounds, must be atitacked in a way
that is both efficient and reasonably acourate., Two
guch ways ezlst. The first, called the "visugl®
method®, consists of the qualitative and quentitative
comparison of the difffactian’patterﬂ, as determined
by visual inspection of the photographiec record, with
.that calculated with the ald of a theoretical intensity
Tunction for an assumed molsoular model, The second,
the "radial distribution® methad3, employs the same
data as the Tfirst, but by an inversion of the theor-
etical formula leads diréotly to the desired informa-
tion. Its advantages of simplicity and economy of
effort have, however, been generally overbslanced by

the greater power and reliability of the visual method.

l. For a comprehensive review on the investigation of
structure of ges molecules by the electron 4if~
frastion method, see L.0. Brockway, Rev. Lied. Phys.,

., 231, (19386).

2, R. Wierl, Ann. 4. Physik, 8, 831, (1936).
L. Pauling and L.0,. Broekway, J. Chem. Fhys., 2,
867, (1934). :
For relatively unimportant and little used variants
of the method see Brockway, loc. ¢it.



In this section modifications, involving v v little
é&aitional labor, are presented, which, tog ‘er with
the generally more oomplete data availlable ai vesent,
greatly increase the efficacy of the radial di. “-ibu=-
tion method, and render 1t equal to the visual 2 “od
in importence as & Vool for the treatment of elecy. 1
diffraction data in the study of molecular struetur
With these modifications, 1% can generally be depende
upon to give interatomic distances which suggest a
model that needs only to be refined somewhat by the
application of the visual method.

The greater part of this section is devoted %o
a discussion of the theory, developed chiefly by
Dr. Degard, which is found to underlie th@eé modifica~-
tiona, and of an effort to estimate the importance of
the approximations involved in the radial distribution
method as it now sitands. The common errors of tha
older radisl distribution method can be partially
understood with the help of the ceonclusions based on
this discussion, and further modifications of the radial
distribution method are suggested.

I am greatly indebted to Dr. Charles Degard for

his several very essentisl contributions to the work



of this secilon, and to Dr. Slmon Bauwsr for helpful
early discussions, and I owe thanks to Professor Pauling,
gapecially, for constant, and frequently necessary,
encouragenent, as well as for valuable help with the

work itsell.



B. Gensral Theory
1. Definition of D{.€); Derivetion of the genersl

radial distribution formula,

For the purposes of this section 1% is desirsble
to generallze somewhat The usual axprasaionl for the
intensity of the cone of slectrons slastically scat-
tered at an angle ~Y with respect to an homogeneous
inecident beam of slectrons of wave length A by
randomly oriented gas molecules. This is done by
introducing & formally continuous distribution function
D <y (/£), which is proportional to the probability of
Tinding in the molecule end atom 1 and an atom J

@ distance / apsrt. The result is:

2 (Zc~FijCx;-F5) coer S
(v /. -//Zf// o0/ iz, =7 =
[)d

sece Jarp

8 7orr€ %R
k' 1s the uninteresiing constant ZI( 72 ’
4; 1s the atomic number of the i-th atom &nd F, , 1ts
AT s :
X-ray form fector, end s =" "3 . D,-J- (/) is

normalized in the following manner.

o ] °0 Y
(2) [Cetpjeer sl - [Djeeree- 2.2

l. See, for exempls, Brocirway, Rev. lod. Phys., 8,
237, (1936). |

, where



It is clear thet (1) sutomatically provides Ffor the

treatnent of rigid, as well as non-rigid, molecules.,

Bquation (1) may be rewritten as

(3) ]'m-wfcf//@_w?&fgfg e CEAGG g e
“’d

="
‘ Pty ZJ
S A e A

fon. of ¢ fon. of & , bub
%¥his 1s not enough for our purpose; it is necessary to
write the integrand of I(s) as a product of the form,
zelnh)
sin(s./) #(s). 1t is convenient to introduce the
following definitions:
(4) D&/ = Z; Loy

/z: -—/:'.//.2-"(7' .«,«;7:’— t///;‘;-/ DW///W
(5) 2 25z L =

Evidently the desired separation cannot in general be
accomplished, even if the structure of the molecule
under consideration 1s known; and obviously, of course,
it 1s impossible if nothing is known sbout the structure

of the molecule at all, However, 1t is seen on examina-
Z:.—F

‘tion of the form faotors, ¥, , that < 7

ig nearly

the seme function of s for all atomsl, so that for any
set of atows 1t 1s possible to choose @ function #(s)

which will be & reasonably good representation of ?/(5',Jﬂ).

‘1. This fact is wused in the visual method of interpretation
- of elestron diffraction photographs.



Usually, indeed 1t will be found satisfactory to ignore
the variability of ¥ (s). As the result of all this,

(3) may now be writien

(6) Jev = A:/f HE @ piS g ot £

it is Jjustifiable, as will be seen later, to
allow s to have all positlve wvalues 1nstead of imposing
the functional limit which arises from 1ts defiuitimna
This belng %rue, {8) satisfies the requirements of a
Fourier 1Integral and can be inverted in the usual way.

For ifl

é?(av=b}§?]r:/73°¢*““t'“ﬁ’

, where &)

satisfies oertain requirsments, and wu, as well as ¥,

may have all positive values, then,

7/%44’=:);§{)(ui§?(‘élxﬂha;4(:‘cfzt

The spplication of these formulae to (&) ylelds the

desired Tesult”,

w .
v S ézrss s 2€ _2
(7) D8 2/\/]; A S 2 2 , wheve A =7k’ .

1. Courant and Hilbert, "iethoden der Mathematischen
Physik," Vol. I, Tulius Springer, Berlin, page 68.
2. This is a slight extension of Bagard’s formnlas (6.3)
: s]'rs} _dane SE 2/ =
Dll)=K | ZEZ 25 ws ; [T £0-1
which is applicable to homoatomic moleculss only, and
~is probasbly more gensrally useful than the kind of
treatment of (6.3) given by Degard in the case of
carbon tetrachloride.

%, ‘Thesis, University of Lidge, 1937.



2, oSubstitution of a summation over discrets

terms for the integration over all values of s.

In the radial distribution method of Pauling and
Braakwayl aquation (7) is replaced by & sum, of which
gaon term Tepresents the part of the integral over a
oorresponding feature of the observed intensity

funetion. &lthough this proeedure was found 1o be
| satisfactory, i1ts use in calculating radial distrivution
functions with visually estimated intensities d4id not
make cleay the significance of the approximation
involved. This, the later work of Degerd has dons,

Degard carefully determined the relative molecular
intensities as a function of s, and avaluated’the
integrel of the radisl distribution funetion numaricallyg.
He then showed that quite precisely the same result is
given by the following sum, the terms of which are the
same as those of the older formula except for the

axpoﬁential factor.
’ ' z

oo 4.8
~ 7 G . kj
&) pre)=), b EZ

1. J.A.C.3., B7, 2684, (1935).
2. Thesis, University of Liége, 1937.



Here the k~ith term closely approximates the part of
the 1nvtegral between the sub-limits s, &nd s, ,
the zeros of the molecular intensity function adjacent
to the maxlmum, or miaimum, 8, , and the values of
O &and b, are detsrmined by the helght and width
of the feature in quesiion. In order to discuss the
theoretical significance of this result, and to dis~
cover 1ts generslization for more complicated molscules,
Degard derived the mathematlcal expression for the
intensity funetion which exaotly corrssponds to the
radial distribution function (8). In the next pars-
graph Dr. Degard's ireatment is reproduced~~-wlth some
simplification of the mathematical disousaidn, and other
glight changes.

The theorstical intensity function which is related
to (8) 1s found by substituting for D'(€) in (7) its

expression by equation (8):

Z o "*’g"f/‘* 4 )
d’ff//‘,///:. 3/{)‘;@:43 %fzgjxs

(9) T isv=
»Whera}

: &a «/Z ?J‘/ 'Qr
(10) L’fsm%f e e st 20 F = L

M - 4 “ J
{11) _ %/Z/Z IIZM(:—S,}/'M(SJ—S"/!; 74



By the well known integral,

; —Rx i e .
= [ >0
jo e Me0 KXt = Z Y& 24 , this becomes
- (S-S&)] P — eSS, R
(.:Lﬁ} I'(S) ’“mw»»{e T bx e -+ bg

The second term 1s negligible for the values of 8, and

s which are of interest. Therefors,

— (S-S )%
H7 L oess Cu =
(13) I e = e *
\ et % A Vop 5T sS4

On multiplying (13) by /«;f¢av to obtain

z
, o ’ /;2“ Zx ~ S-Sk )"
5 = - e #&
—Z; s = A’/‘eﬂ?./,;/‘ﬂ AV, S ", it is seen

thet the distribution of intenslity corresponding to (8)
is the seame as the theoretical intensity function I(s)

insofar as the reduced theoretical intsnsity function

(15) ](3) -*-'“2;} Tesy -/ 28 D) dion S K

can be represented as s sum of Gaussian distributions:
ﬂ-—‘“—'“"_‘/:—&«z 2 ¢ / 7 €
(16) ]"f-f/"‘*Z@ e FE . ei-7)E =

It will be shown that this can be done quite well by
letting the s, be the s values of the maxima and
minima of the reduced theoretical curve, and choosing
the b, and C %o correspond to their widths and

heights.



10,

Degard used a term for each feature (maximum or
minimum) of the reduced thsoretical curve, and, more-
over, assumed that @ peak, say, is best represented
if G) 1s proportional to the height of the peak,
and e = @36/ (S«-5<)% , that is Bo say, if the
Gaussian and the peask have the same half-width (s, =s,).
Figure Ia shows this representation of the specially
8imple reduced thacr@tiegirizz;-ae) for a rigid diatomie
molecule, where the Gl have been given the value 1.03.
It is seen that the theoretiocal curve (dashed) and the
gsum of the Gaussian #eprasentations (heavy, solid curve)
are indeed very nearly alike. Figure Ic shows the
representation which is obtained by using Gaussian
terms for the ridges only, in the following manner.

It is required that when the sum of the Gaussians
coincides with the maxime and minima of the reduced
theoretical curve (after subtracting a constant,
non~essential part), the representation shall as
élasely,as possible approach the theoretlcal curve at
‘1ts points of inflection, which, if we now regard it

’as a serles of‘peaks, are the points of half~m&xi@al

B . 7
7 b«

ordinates. If we write: _["cs)==;%: ¢ € ,



1L,

these conditions may be expressed sa:l

2154 -S)® P _fﬁ%ﬁg
s T TA b« _ i e # b«
e'(r-2e “t )=2 , er/(e T -z¢€
=
?
and thelr best solution gives
o =0 X Akiaf»ws/-&f‘

)

The representation falls in thaet it has a too small

ordinate at points corresponding to the inflections

%

)

of the theoretical curve. Cholces of b, from 0,456«‘-502

to o060¢s/-s.)° are very nearly {(within 2%) as good
as this optimum., For representations with both maxima
anf minima 1t seeme reasonable to demand thet when the
gum of the Gaussian terms fits the reduced tTheorstical
gurve at its maxima, minima, and nodes, it should in
gddition fit as clossly as possible at the half-maximal
points of the ridges and valleys. The problem of find-
ing the best value of by turns out to be exactly the
same as before, and the result is formally the saue;
one must only place the required intervreteiion on the
term "half-wildth." The representation obtained with
this choice of b, is illustirated in Figure Ib, where
it should be noticed that a slight ohange of scsale

would serve to show that this choloe of bw does give

1. In formulating these conditions 1t has been assumed
that the Gasussian has & negligible value when its
argument is equal to four times its half-width. Al~
~though this assumption is not precisely true, it has
no apprsciable effect on the determination of bw«.
The assumption has not been made in plotting the
figures.



1z.

& better representation than that of Degard, althoughn
The difference 1s probably not significant.,

The practical problem of representing the reduced
intensity function of a polyatomic molecule iz more
difrficuls %o discuss. 1t will be sufficient to remark
that the very good representation obtainable for the
simple sine function indicates that the sum of Gaussian
terms 1s probably suitebls for representing the more
complicated Fourier series also. Frobably it is best
always to represent both mexima and minima of the
Fourier series in the hope of obtalning from the sum
of two falrly suitable representations one that is
somewhat better than either alone; Moreover, 1t seems
that relatively small wvalues of by should be taken,
when the representation of both maxima and minima is
used, in order to reduce the overlapping of adjacent
Geussian terms, and comnsequently also the dependence
on their nice cancellation. Tor in the mbre complicated
éases it cannoi be expected that this cencellation will
be as setisfactory @as it is in the example discussed
above. Asymmetric peaks, or peaks with "shelves™ are
speoially difficult. Generally & term with a small
opefficient can be taken to reprssent the ssymmetry 1f

it is great; and terms corresponding to both the main



peak, and to the shslf can be taken to represent &
composite featurs of the intensity funcition.
In this section it has been proved that the

general radlal distrivution function ean be replaced

by & sum
- R v4
et
o) D)= & Tz, waleh is
=l

aquivalent te it insofar as the r@duaed‘intansity

function can be repressented by & sum of Gaussian terms

‘ = — OS] . L YT G
(18) ]ars/———-,%;: ¢, e ~#rc J Ci =3 Tt B

Aocording to equation (16) the coefficient C. of a
term of the radial distribution function should be
proportional te the height of the corresponding term
of the representation of the reduced intensity function,
to 8, and to the square root of by » It may be
inferred from the detalled treatment of The example
of a rigid diatomic molecule that the best value of
Dy is given by b, z0.54 (s\.-s.’where ¢(sd-6<> ig the half-
width of the k-th feature of the reduced intensity
“eurve.

Finally, it can be seen from the form of the
reduced intensity funotion (15) that for a rigid
molecule (the distribution D(.£) is discrete) i%

has no secular dependence on & . From this statement



14,

and squations (8) and (18) follows the ilmportant
corollary that on the averﬁga the terms of the radial
distribution function (8) for a rigid molecule are

egually lmportant.

%, The Yartificial temperature Tactor’; 1ts
ralation To the use of an only Tinitve number of terms

in the radial distribution summation.

Application of the results so fay obtained to
observed diffraction data does not yleld thoroughly
satisfaotory radial distribution functions. For
example, Degard found that even when ocarefully
determined intensities are used, the radial distribu-
tion function calculated for carbon tetrachloride in
this way shows meny relatively weak, false maxima in
additlion to those corresponding to the G-Cl &nd Cl-Cl
distancegs in the moleoule. Dr. Degard found that these
spurious features can be eliminated by using in the
radial distribution function instead of The true

| —as
intensities I(s), quantities I{s) e in which a

is chosen so that e“sti; 1/10 where Sm 1s the upper
limit of the 1ﬁtagfatioﬁ or surmation, The form of the
expression e -as suggests the name "artificial temper-
ature feotor,” inasmuch ss the intensity function for a

vibrating molecules differs from that for a rigid molecule



15.

by Just such a factor., The artificial temperature

faetbr rapidly and progressively decreases the iaportance

of the part of the distribution function corresponding

to large velues of s ; 1ts actlon 1s thersfore that of

elffecting @ smooth compromise beitwesn the theorstisal

demand that parts of the radial distridbution arising

from all values of s should on the average be equally

important, and the practical nacessity’of giving & a

finiﬁe upper limit corresponding to the greatest observed

angle of scattering.> |
The effect of thes artifioisl temperature factor on

the significant peaks of the radial distribution funciion

can be anticipated from the ¢ircumstance mentioned in the

lagt paragraph-~that this factor is of the same form as

the factor which occurs in the theoretical intensity

function for & vibrating molecule. A distribution‘functibn

involving the artificial temperature factor corresponds

to a model in which every interatomic distance 15 sub ject

to the sctual mean square variastion in the molecule, plus

“that darygiggnding to the artificiel tempersture facior,

oz
Lo, J:/yzf-' J,@w,zd 2, Consequently, if it is desired

1. 7hen this 1s done, the terms corresponding to large s
values become unimportant, and the extension of the
upper limit of variability of s to infinity, mede in
the derivation of the radiael distribution formula, i1s
justified.

8. See Brockway, Rev, Mod. Phys., 8, 238, (1938) for a
~ brief disceussion of the tempersiure factor.
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to determine the amplitude of the molecular vibrations
from the width of a peak of the radial distribution
funetion, it 1s necsessary to subtract a term correspond-
lng tc the "artificiel amplitude" introduced by the
artificlal tempesraiture factor. This consideration i@
valild if the ertilficial temperature factor has been
chosen large enough so thet the real and artificial
temperature factors together render unimportant the
parts of the radial distribution function corresponding
to 8> 8,, which have besn neglected, and if the psak
representing the dlstance in question is well separated
from 1ts nelghhors.

Degerd has given a different, more detailed treat-
mentl of this gquesiion based on an &approximate evaluation

of the incomplete radisgl distribution function -

(17) DC/=K ) P —sp in which

I(s) has been given the form

L
‘ s st IR ot |
(18) Los/ = l”-?%;r s 27 applicable

'tm a non-rigid diatomic molecule, and suitable when an
artificlal temperature factor is used. Degard's integra-

tion is valid only for (€=€")=0, so that it cen only

1. Thesis, Chepter 8. Note that in this paragraph b
" does not have the same meaning as elsewhere 1n thils
thesis,
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giva information about the near-maximal region of +the
main pezk of o 2). Degard has calculated %the half

width of this peak at three-guarter-heieht as &

function of & &nd 8, and has plotted the quan%itg')z
— Gt
® of a corresponding Gaussian representation ( < “ )

of this peak, as a function of & and &m. » is
large and very nearly independent of a for small values
of &, 3 Tor larger velues of 8. , b decreases rapldly,
and asymtotically approasches the value a. 4nd the
greater the value of &, the smaller is the valus of 8.~
for which b=a. Unfortunately Degard's curves seem
to be subject to error, for certain theoretical relations
&ﬁmng then are not precisely satisfied.
| For the case when 8. — == the value of the integral
18 exactly known and the resuiting functionl is of importance
here, and 1s of great interest 1in cconnection with the
theory of the temperature effect inasmuch as it gives
precisely the error inourred in omitting the higher order
terms of that theory, and suggeste & correction which is
almost exact. However, this correctiion will not be dis-
cuésad in-this thesils,

The substitution of (18) 4n (17) gives

’ 4 S _e2 . X @0
(19) Dit)=755) e aonsbe 2SRES

1. Degard, Thesis, Chapter ¥.
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whioh, when s,,-—>==, is found to be

Ao-L* gl )=
_ ak! IT = e
(20) 2/~ Zz zmts 7% < 7%

in which the second term is negligivle for valuss of

and a owrdlanarlly encountered. Conseguently,
Y
Fa ’ s ,_,!__. / """—'—M
(81) pee) =L 0% =jzz < 12 is the

distribution of scattering matter corresponding to
(18), with essentially the norm ( ‘Lajzgydaﬁ=’ ) and
the half-width (Efijg?*“L ) sssumed in formulating (18),
the Taector “{52 being unimportant in these respects. |
This factor 1s effective, however, in that it shifts
the peak of tThe radial distribution function so that

Cimac />4 : the srtificial temperabure factor gives
rise to error, which, however, may be eliminated by
taking, as the interatomic distances given by the radial
distribution method, the peaks of UL =N/ /Y
rather then those of ﬂLJ?). The real temperature factor
corresponding to the actual‘gntensities, differs from
its approximata form Eiwczs,in such & way of course,
that this shift does not ocecur, and therefore the above
conclusions must not deceive us into mistrusting the

faithfulness of the theoretical radial distribution

funetion.
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It seemed desirable for the present thesis to
supplement Degard's discussion of the effect of a
finite $m , and of the temperature factor, with the
following furth&r conslderations. It is impossible,
as has already been indicated, to find a simple expres-
sion of the "incomplets" radisl distribution function

Tor the case when I{s) includes & temperature factor.

/+ Ae0 S
Howsver, for our purposes, 2 can be made to
2
—aas®
be a sufficiently good approximation of e , a8 is

illustrated by Figure II. UWe shall investigate the
nature of the radial distribution function for a
distomic molecule when ¢ is given vapious values.
Por the comparison of the results of this investigation
with the corresponding radisl distribvution functions

involving the correct form of the temperature facior,

_—as®
it 1s necessary %o find what value of & makes <
/A 8w CS ‘
and Z most nearly the same for O0< 8 <8m.

In Figure IT where a=0.28 02, (b=0.01; ¢=0.189),

the two forms of the temperature factor have been made
‘to have the value % for the same value of s. This
relation of ¢ to a 1is seen to give a good representa-
tion of the true temperature factor over the range

z _as®

. Y- 3 .
/> € > ez | TPor the range 7+ © ot , &

: 2
better average representation is obtained if & =0.30 0 .



20,

And 1f it 1s desired %o obtain a representation over
a st11l larger range of the temperature factor, a must
be given a somewhat larger value s%illﬁ'

The theoretical redial distridbution function forx
4 diatomi¢ moleculs having the temperature faotor
discussed in the last paragraph can be set up and

svaluated straightforwvardly. We have

2,
7. P S p Mo &5 f [s

(28) Zcs0= "5+ z ] — =g , and hence,
from (7):
Sem ., 3/} a5 A RS - k(’: A
D)= ¢%J‘ (fﬁn,eur’ &5 A="Z =7
(23) g“"“’”,f 'g/f/m cs5 3 F coa lPPY)S —OOU (iPr S F LS.
= _'4 é'/w—a.éa//.s —_ ool (ErE)S + ’/zEw(—e:e’«rcls
e mAmunzszcmjgﬂs

Y (2-€lc)g — 2ow resRlpels

In order that this funetion shall correspond to integration
over a definite number of maxima and minima of the reduced

intensity function, we set

7T
(24) ST e » Then,
1 A0 Tl yyxﬁﬁiﬁﬂyaugw%
(25) o/~ ’[ ’2‘/*"&/2 r% )
4 (Lébafﬂcbi CZJM{M‘C/ (Lﬂfuﬂﬂﬂ)

1. Although the representation in this case is no longer
very aoccurate, the discrepancy is probably unimportant
~for this discussion.
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On making the following substitutions

£ c
(26) = =L 5o T C , and siuplifying,

n 2 2 , .
. oy (0B f Sinnml , (4 +C 1) 3 nnl o naC - 24C 9in nﬂt‘fosmfla}
(2?) .D(l}'* fﬁlt [ L7-2 + (La?'.c;_!)z_. _?L:tv.’t’

is Tinally obtalned as the exsct expression of D'( £ )

for a diatomlo moleculs and the epproximste temperature

/ + Cosc
factor LZEXEE | Tnis result represents n featurses

2
(maxima and minima being counted separastely) of the
raduosd intensity curve. In the absence of & temperaiurs

factor (o=0), (27) becomses mueh simpler:

n .
(or . 2(-1) . _Sn nalk,

D(L )= £€2D'(£ ) has been evaluated for n=5, 10,
and 20 and ¢=0, 1/n, &nd, for n=10, 0.8/n. The
results are plotted to an arbitrery scale in Figure IIX
where the convenlent notation 97; (€ ) nas been adopted
to represent D{A£ ) for n=x and C=y. It should be
noted that C=0 correspands to a unit temperature factor;
¢=0.8/n, to a factor equal to 0.1 when s8=38, ; and
€¢=1/n, to an approximate fsotor equal to zerc when
s=8, . The last case is the extreme limlt of the

~as® / +Cc3SCS

usefulness of the approximation of e by —

and really best corresponds to a temperature factor



&z,

which has only a very small velue (say 0.03) when

$=8,, » & part of the peek of B‘i,f), and of #D'(.¢),

for esach choice of n and ¢ 1is also shown in Figure IIT.
Since the helgnt of the mein peak of D(Z ) 18 proportional
to ﬂ;l it 1s convenlent to normelize by dividing by

n, and this has been done.

These theoretiocal curves are of interest in con=
nection with radial distribution functions in general,
vecause for any molecule the distribution funeticn may
be regarded as a superposition of several curves of this
type. This radial distribution Pfunction will be satis-
factory if sach of the component paris has the form of
a peak with level plains at either side, and if the
various peaks are not too closely spaced to be well
resolved. £And this will be true also in the case where
the radial distribution function is calculated as the
sum of several Fourler terms, with suitable coefricients,
if the conditions necessary for this approximation, as
discussed in section B2, have been satisfied. |

The features of the curves, of Figure III, which
appear to be specially important will now be discussed,

Those obtained without a temperature factor are seen to

1. This is easily seen, from (88) for instance, by
evaluating the indsterminant expression D'(L=1)
by L. Hospitel's rule.



have a central important pesk and nelghboring lesser
peaks which are progressively smaller, the further they
are removed Ifrom the main peek. The nodes are aequelly
spaced except at the main peak, which, at its nodes,
is Just twice as wilde @8s the other features. The
functions D, (4 ) have main peaks only half as high
as thoss for which & 0, whils the remainder of the curve
follows the L axls very elosely, the sorresponding minor
features of the first curves having almost entirely |
diseppeared. The function E;%! (¢) has a somewhet
higher maxlmunm value, while the spurious featurss have
become negligihle for 1t alsol. This 1s the desired
effect, for the superfluous features of the radial
distribution funetion in the practical case, when no
tenperature factor is employed, are very confusing and
render its interpretation very difficult. It may be
well to remark that probably any other funciion which
suitably reduces to very small importance parts of the
radial distribution sum or integral corresponding to the
outer rings of the diffraction photograph, would serve
the sams @urpese as the artificial tempsrature factor.
1t may also be wortawile to mention agaln that the
- artificial and real temperature factors &ct in exactly
1. Perhaps a less drastic factor still would serve. How-
ever, this one, chosen to have the value 1/10 for s=s,,,
according to the suggestion of Degard, is seen to he

satisfactory, end 1s perhaps as satisfactory as any
for general use,
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the same way, so that as the real temperature factor
hecomes more important, thé artificial teuperature
faotor may become less so. |

The width of the peak of the redisl distribution
function is of intersst, for 1t determines the resolution
whieh 1t 1s possible to obtain when several of the
simple ourves (for different 1{”‘3) are added together
in %he pracilcal case. 1he half-widths of The peaks
of the curves of Flgurs III ars found to be 0.8/n
for ¢ =0; 1,0/n -€° for ¢ =1/n; and, presumably,
0.8/n 4’ for G 0.8/n.' That these results for the
cases C=1/n and C=0.8/n are in agreement with the
general statements concerning the width of a radial
distribution peak given earlier in this section (page B15),
can be seen from the following table which gives the half-
width of the peak of the radial distribution ourve, the
value of a {(a=0.30 62) corresponding to 3, and ths
half-width of the distribution of scattering metter ocor-
responding to the temperature Tfactor a'“z ( 5'4} = 28;

for a Gaussian distribution X, =1.176Y Xz ).

1. The generalization for ¢ - 0.8/n is justified by the
apparent circumstance that the various curves for a
given value of ¢ (e.g. 1/n) are the same with regard
to general appearance and width of the peak excepl
for the scale of (L-1). That is, they are similar
functions of n(L~1). That this should be true is

' not obvious from the form of (25), o
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Observed ‘ Half-width cal=-

Curve half-width a culated from s«
Dy, 0.19 0.012 0,183
Dy, 0,10 0.00% 0.091
D 0,05 0.0075 0.048
Do 0.08 0,0019 0,073

For general radial distribution functions the value
of n %o be used in estimating the expected half-width
of a partlceular peak is the humbar of maxime and minima
of the corresponding component of the reduced intensity
funetion which lie between the origin and s,,. It is
convenient to stalte the &bove results in another form

for practiecal use. This 1s easily done by noting that

/

(289) My = -‘L”%!‘ , and making use of the definition

of 0, (26). The results are given in the following table.

Theoretical Half-widths of Peaks of the Incomplete
Radial Distribution Function with a Tempsrature Factor

] Temperature Factor Half-width
o _ (corresponding)
) S § ' 1 1.9 /sm
2.51/8y 0.1 0.1 B.ﬁ/sm

3.14/8, 0.0 0,03 8.1/8,
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Two peaks of equal heigh% may be expected to be well
resolved 1f thelr separation be greater than three itimes
thelr average half~width;k@r§ resolved, but shifted
toward sach other 1if their separation be sbout Twice
thelr average hall width. The predictilons of this table
are in general agreement with experience for radial
dlstribution curves calculated by the modified method
described in seotion C. This 18 true with regafd to
the magnitudes of half-widths as well as their equality
for all the well resolved peaks, having like real
i@mperature factors, of any one radigl distribution
function.

Finally we direct our attention to the positicns
of the mexima of the curves of Figure III. It is seen
that in general the maxima of D(.€) ocour for L slightly
greater than the theoretical value of unity, while the
maxima of D'(.€ ) ocour when L 1s slightly less than one,
and those of £D'(£) are at L=1. That this should
be true is evident from the form of (27) for C=0, and
by (21), for any choice of the usual temperature factor,
also if s, be large enough. From (27) it is evident
that when these conditions are not met there may well
 be some shift of £D'(.€), but this effect we expect

to be small. The antibatic dependence on n of the



magnltudes of the shifts cannot be simply expressed,

The walues of these shifts as‘given in the following

table are obviously only approximate; better ones could

best be obtained by a more previse caloulation of (27),

since the analytical treatment of (27) is apparently

very tedious,

n

3
10
20

10
280

10

Shifis of Maxime
of Incomplete Radial Distribution Functions

1/5
1/10
1/20

0.8/10

Shift of Maximum of

D (£)
+0.007
+ 0,004

- e o

+ 0,025
+ 0,007
’*00002

+ 0.007

D (£)

-0.080

-0,004

m—e—={yvory small)

"01655.
-0,008
“00002

~0O005

- The error depending on this effect can probably be

eliminated in general by taking the positions of the
mexima of £D' (.€)

instead of those of either D (.£€)

or D' {(£). In general, it may be expected that these

shifts may vary from about & per cent for n=6, to aboul

& tenth of & per cent for n=20, and to have the sign

found in the above examples.
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B. Applications
1. The method of Pauling and Brockway; the

transition to a modified method.

The rediel distribution formmula as’darived by
Yaullng and 3r©ckw&yl was slmplified by them teo the
Tollowing form for prectical use as epn aid in the
determination of molecular structures of gas nolscules
by electron diffraction.

(30) D)= Zlﬁ f—‘ﬁfﬁ-{

£
Here IK is the visually estimated intensity of the kih
ring of the electron diffraction phoiograph, and the
other symbols gre already familisr, This funetion‘has
been applied in the study of many molecules and has
en joyed success, especially for molecules with very
few, end well separated, interatomie distances. ihen
these conditions are met, the function yilelds curves
whose maxima occur at values of £ in good agreement
with those obteined by the visual method of interpreta-
tion., There are slight diserepencies among the inter=-
atomic distances found by (30), however, and it will
be attempted to discuss these later. But grest dif-
- fieulty is met when the molecule under consideration

involves a considerable number of significant interatomic

lo Ja u&a Qx gn, ;5__?.3 268&, (1935)0
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distances, for the peaks obtained frcm‘iao) are
@xwaésively broed, and consequently the "resolving
power” 18 poor. |
The work of this peper was instigated by
Frofessor Pauling's suggestvion that the radial dis-
tribution method could bs improved by aliering the
treatment of the coefficients of the sin skif terms
of the sum of squation (30). PFigure IVbshmws radial
distribution functions calculated from the observed
positions and visually estimated intensities of the
rings of electron diffraction photographs of thiophene
by an expression similser to (80) in which the coef-

/3

ficients Ix of (30) have been replaced by Iké' .

Lo Les , 1,8 , Is' , I,s" ,in 4, B, O, D, E, and ¥,
respectively. Inasmuoh as the date &are reported in

part two of thils thesls 1t will be unnecessary to give
them here also. The interatomic distances in thiophene,
as finally determined jointly by the visual end radial “
ﬁistribution‘methcds, are indicated by arrows the lengths
of which are proportional to the number and atomie-number
’product of tha‘oerrasponding interatomic distances. It
is seen that as inoreasing weight is given to the outer

rings, by increasing the exponent of & in the coef=~

ficients, the resolution of the function greatly Ilmproves.
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There appear several significent peaks which are
either poorly resolved, or not resolved at all, in
the first three curves, and these correspond well
with the corresponding interatomlc distances, It is

agxtremely significant that the positions of the

greater peaks ars alfected only very slightly oy
Vvarying the treatment of the ccefficients. This is
important in that it shows how the necessarily large
uncertaintles of the trend or soale of visually
estimated intensities cannot give rise to great
grrors in Tthe determination of interatomioc distance
by the radial distribution method, and how both the
older method and the modifled method presseanted here
can give good results. It 1s 8lso to be noticed that
in 2 and ¥ there sre many more maxima then in &, B,
and G, &nd that some of these new peaks appear to have
no physical signiflcance.

A similer set of radial distribution functions
was caloulated Irom the data for benzene with ex8otly
similar results., The peak corresponding to the distance
 b3twean carbon atoms at opposite sides of the benzene
ring appears at the correct place although 1t was
- unfortunetely true thet it did not eppear at all in the
| distribution caleculated by the older method.
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2. The llodified Visual Hadial Distribution
Method.

Gomperison of visual estimates of Intensities,
for various molecules, made by workers in this labor-
atory, with the correct simplified theorstical curves
for these moleculess, ilndlcates that the visual inteusity
is approximately proportional to (1/8) times the
"glmplified” theoretical intensity, or (s ) times the
theoretical intensity, It was therefore suggested that
the visual radial distridbution function should be given

the form

o ,
’ 3 ,~%%Sk  SinSul
= S,¢ i &
(31) D) &_5__ 15 o where 1{s)
=2

in (7) has been replaced by I, . (s)/8°, the facter;ﬁéﬂ
has been left out, the integral has been replaced by a
summation as in the older method, Degard's artificial
temperature factor; in whieh it is customary to chooss
a such that ﬁma%"= 1/10, has been inserted, and the
summation extends over all the peaks of the observed
“intensity curve excep® that at 8=0, the terms cor-
responding to the first two features of the reduced
theoretical curve beingthus omitted.

Gurves calcoculated hy equation (31l) are found to

retain the good resolution found for E and F of Figure IV,



£
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and in the similar celcoulations for benzens, loreover
the prominence of The spurlous maxime cheracieristic

of & and ¥ 1s in general greatly reduced &s & result

of the action of the artificial temperature factor.

In part two of this thesis several examples of (31)

are given., Through the efforts of frieads in this
laboratory, Tor whose special assistance in this regerd
the suthor is most grateful,) the new funetion haé besn
tested for many other molecules of diverse types, and
has been found to be powerful and generslly reliable.
It has becomeespeclally evident that even when tThe
function is not completely satisfactory, in that the
inveratomic distarces obtained aré not entirely
compatible with a ressonable moleculsr model, 1t is |
nevertheless true that this set of inﬁeratomic”ﬂi$tanees,
together with suitable welght factcrs,”does often lead
to a simplified theoretical curve in complete agresment
with the appearance of the original data, so that The
radial distribution method leads to a solution of the
problem which, if not the correct solution, ls at least
indistinguishable from it on the grounds of the electron
diffraction data alone. There persists some difficulily
about spurious maxima. These often can be recognized

because they appear between Iwo important peaks, and
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although perhaps relatively prominent %o the eye,
heve & maximum velue of D'( £ ) of approximately
Zero., The negstive valuss of D'(# ) probably arise
from the omission of the flrst two terms of the
Tunctlon (and are hence unimportant), while spurious
poaks between tThese minime are undoubtedly due to
imperfections of the function. IFurther discussion

of the modified method 1s given 1n section ¢3d.

%, The modified radial distribution method
discussed 1n the last section is related to the general
theoretical radial distribution function by a series
of approximations, some of which have been justified
in the theory given in part B, while others must now
be disoussed specially. To the Tirst class beléng the
substitution of summetion for integration, and fhe use
of an only finite number of terms. To the second class
belong the Qm18$10n of the factor :?%&) s tha omission
of tﬁe part’of the integral or summation corresponding
to the first terms of the reduced intensity function,
the omission of the factors ejbkta demanded by the
theory for the substitution of & summation for integra-
tion, the interpretation of D' (£ ), rather than D (£),
s giving the impmrtance ahd values of the interastomiec
distances, and the effect of these things and of the
artificial temperature factor on the positions of the

peaks of the radial distribution function.' These are



discussed in the following paragraphs,

@, The effect of onmitting the Tirst terms

of The summation; ths factor ;;%;) ’

1% should first be noted that in the treatment
of scitual intensliy date, the effect of neglecting the
first Teatures ol the reduced theoretical curve i1s nserly
equivalent to the omission of 3;%;) ., Tor, as is
illustrated by figure V, this factor i1s nearly constant
except Tor small values of 8, for which it becomes
veyy large, aepproaching infinity es s approaches zero,
Consequently the first terms of the radial distribution
function, which, with the factor, are seversally of ap-
proximately the same importance as each of the other
terms, become without it entirely negligible. These
parta of the radisl distridbution function are essentlally
positive for the renge of velues of £ which are of
interest, so that a function from which they have been
omitted will be depressed in tnis region and will show
negative values of D' (£ ). Professor Pauling‘has pointed
out that such & radial distribution function, in which
the atom form factors have not been considered, is a
representaetion of the actual distribution of scattering
. matter in the molecule, the electrons having & negetive

soattering power relative to the nuclei, The resulis



of Bega?dl are 1n egreement with these gensral
stetements., He found that redial distribution functions
for carbon tetrzohloride and bromine caleulated from
accurately measured intensities according to the methods
outlined above are sverywhere essentially positive if

the fector is lncluded, but have spvreciable minima

ad jacent to the peaks if it is disregarded. Perhsps

the troughs of the modified redial distribution functions
are partly due to this situation.

1 .
Since the function ;fﬁmv is not really constant

beyond 8 = 5, nor is the‘part of radial distribution
function from small values of‘ 8 independent of,l? ;
it 1s desirable to consider these points in greater
detail, even if it is not possible to demonstrate con=-
clusively that radial distribution functions constructed
from visually observed date have anything to do with

them, While a suggestion regerding the treatment of

the lesser variebility of Jfés) (s> 5) is made in the

last section of this discussion, we cannot expect that

the estimates of intensity, es they sre now made, c&n

| be &s aonsistent with regard to scale, over & large raﬁge
of &, as would be necsssary ‘to mske a consideration of

' :7%53 » in %his region significant. An attem@t to estimate
the affect on positions of peaks of omitting the first
terms of the radial distribution function is given in G3ec.

1. Thesis, Ghapter 6.



b, The factor jzf-bjz .

The modified radial distribution function
described in seotion CZ must, according to the thecry,
be multiplied by J?z and Turther modified by the
inclusion of Tactors %-éwtm in order to obtain an
expression wilech may be expected to have peaks whose
arcas correspond to the probability( multiplied by
the product of the atomic numbers) of finding in the
nolecule twe atoms a distance V4 apart. In the ap-
plications to gas molecules, using visually estimated
intvensities, both of these factors have always been
neglected, and indeed it has always been assumed that
DY (£) is the function of physical interest. We shall
s8¢, however, that these corrections sre signifioant.

It turns out that the physically Insignificant peaks
of the distribution functions which ocour for both
relatively small and relatively large values of Y, are
eliminated by these corrections, and do not arise from
inherent errors of the radial distribution method. (These
peaks are alrseady considerably weakened in the transition
from the old to the modified method).

If it is assumed that even when the features of the
intensity function are not all of the same half-width,

it is nevertheless suitable to take an average value
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of b, obtained from the aversge width of the features
of the intensity function, then all of the exponential
Tunctions of AL ‘become the same and the corrections
discussed lan this paragraph become simply a factor by
which fhe modified radisl distribution function, D'(.Z),
is to be multiplied. This is very desirvable, for it
greatly simplifies the calculation of the corrected
modified function. 4And certainly the use of an average
a~b£2 is suitable for the present purpose, but 1%t
magt be understood that the use of such & factor does
not improve ithe representation of the reduced theoretiocal
intensity functlon upon which the subsiitution of a
sumnation for integration depends.
- be?

The factor F (€)= 7€ nas been plotted in
Figure VI as a function of & for a range of values
of . The table in this figure gives the value of D,
and of the corresponding average values of hall-width,
(sk'~ sk), and interatomic distance, L’ , for esach
curve. The two values of ,[’ are obtained from the
expressions L= 3;-%53-;—, and £ ;'é‘;;:{‘;;, for the
respective cases when maxima and minima, and maxina
only are used. The "average" reduced intensity functlon
is taken a@s a simple sine curve, and b is obtained from
the expression of section B2, b = 0.5 (s '~ sk)z. Since

it is impossible to represent all the curves adequately
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on the same scale it is well %o note that they are inter-

related siaply:

4
; 4542 ’, 4 _ [0 (k= Sadys
{32z 15 &) = "‘;/1 *“"b‘/ - - =
V£, 0 L) LY /fz Y £, b (5% = 3o

&

I% 18 easily shown thet the value of £ for which
hes a maxinmum velue ls related to the parameters b,

4
(sk’m ak) and £ by the Tollowing expression:

3 = = =
{58) j’” o (s;-3)

With the help of Figure VI, end the above auxiliary

1 1.4 {0.9[' (maxime only)

1.354° (maxine and minima).

expressions, 1T is now easy either to correct the
modified radisl distribution funetion before plotting
it, or to estimate the relative importence of its
peaks il 1t is plotted without correction. Obviously

the uncertainty in the semi-~quantitative for that reason.

0. Shifts of peaks of the radial distribution

funetion.

It is evident that the corrections dlscussed
‘under the last two headings imply that Lhe peaks of
nY( £ ) will not in general give the ocorrect interatomie
distances, but will be shifted somewhat instead. In
‘this section an attempt is made to estimate the shift
guantitatively, and it is found that the shifts are

inversely dependsnt on Spa OF directly dependent on
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the widths of the peaks of the radial distribution

curve. Generally, the effsct is somewhat, to spread

epart the peaks of D'(£ ). The predicted shifis are

too small to be conflimed, except perhaps qualitatively,
for radisl distributions csleulated by the modified

method from reasonably complete data. Hecsuse functions
caleulated by the older method show greater errore,

an effort is made to test the 'predictions on them. The
application of the theory to the resulis of the older
method 1s reasonable, because the older method corresponds,
at least poughly, %o the use of a very drastic temperature
fagtor. A pesk of the theoreticel R.D. function for

an interatomiec distance having a Gaussian distribution
about @ mean £, , with helf-width J; 1s given by

(j "'-l"}z

(84) Do) =e T

and peaks of "incomplete" radial distribution functions

are of this form also, if the temperature factor be suf-
ficiently important. Ve assume, therefore, that in
general 1% is suitable to represent the peaks of a

" radisl distribution function, D( L), by (34), and if

a peak has not the ideal form an attempt is made to

choose &J; So that the top of the peak is well represented.
If (J; is reasonably small, the peaks of the modifisd

radigl distribution function, }’3;" {#), will have the same



form and width as thoss of D, (£), and &« may be
determined directily from them.

d8 now wyrilite

_.ll**«fg')z
4¢‘ '
? } D" (‘e} e 1‘
(35) D (£) = vyl Z P
= £ e’ AFe e

where, according to the definition of D' (£) and the
Toregoing discussions, p must equal Z in order that
‘the various peaks of I} (£ ) as defined by (35) shall
have the same relative importence as in :D"mél) as
actually calculated by (8l). On the other hand, aoeordixsg
to section B3, p=1,” if 1t is desired that the }E}’m([)
caloulated from {35) and (3L) give the same interatomic
distances.

Now if the peaks of D{(€ ) are well resoclved, the

position of the maximum of any one can be obltained while

the others are ignored. Accordingly, we consider

(L -2i)?
L4t w*
’ _ € e
(386) Dm‘.“)'- jpe-ua for which
32
dD’ - (£) be®~ (ﬁ.;f;f’ ~p-i) e-e) P ~(pr?)
(37) T2 = ¢ (264" 25207 -pe” )}

(37) has zeros et €20, _€=f , €xo0 . The

root of interest is contained in the second factor

whiah reduces to

(55) (1"1«44wsze”!4')2 + (1“2.886)1’2)’1‘14}1{ o+, 72&}1 "1:440}2b ’{‘:Z -0
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when multiplied by 4 and sxprsssed as

gquadratic in ( €-€; ). Since the roots of this
quadratic equation are widely separated in ahsolute

magnitude The approximate solution,

(30) (£-£:) . = QM (264 -p) ., 0T2W*

2 ”
Ay, - z 2 a
T _41-2880°6] vy {2647~ pli1+2680w"s}
- O7Tw* 2
~ 2pl” ~ ;
«{" ( g P)

1s sufficiently accurate. (For cases of interest, the
last expression of ( .€-.€s Jmax may be in error by 10%.

In the following table are given the celculated errors
for the radlal distribution functions for & number of
molecules calculated by Pauling and Brcekw&yl according
to their method, together with thelmbsarved errors (based
on the structures) deternined by the visual method. b has
‘been estimated from Figure VI ("maxima only") and a
weignted average distance €7 , while &) 1is estimated
from the redial distribution curves. That it has been
necessary to choose p 2 (instesd of 1) to obtain the
following remarkable agreement is diffiecult to explain,
;exc@pt‘as evidenoce for the very rough aharaetervof this
discussion. lMolescules having only one interatomic distance

have been omitted.

1., J. A. G, 3., 57, 2684, (1935).



holeswls 27 b w4 Alite. Pavs. w
cF, : 19 .35 .28 1.335 -,031 =015 .23
SiF, 2.0 .30 .26 1.527 -.019 017 .25
oc1, 2.5 .20 .25  1.74 =.020 -.020 .
Snc1, 2 6 4 1.963 ~.044 ~.053 .3
GeCl, 2.5 .20 .3 2,070 -.009 -.033 .3
SnC1, 2.7 16 .27 - 2.295 -.007 +.006 .3
PF_ 1.8 W40 .22 1.47 =006 ~.050 .2
9013 2.4 .22 .22 1.98 ~.005 -040 .3
4sC1, 2.4 .22 .31 2.3 0 -.050 .37
cc1, 2.3 WRb 24 (1.73} -.013 -.040 .25
CC1, 2.5 20 W16 (1.77) -.008 -.010 .31

Cl;?O Eal @ 2!7 327 }.o 65 =% &}.é % S‘gé & 2;;

s
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The part of the radial distribution function
wzioh depends on the first‘featares (maximum, or
maximun end minimum) of the reduced intensity function
is of the formm ___ ————_ 0r —__———_ Tor thse
two cases mentioned, 1is mazximum helzht varying from
2/n==4/n times the height of main peaks of the radial
distribution function, sccording to the importance of
the temperature factor. Omission of this term will
lead to a spreading apart of the peaks of much the same
nature &s that discussed iﬁ the last paragraphs. The
shifts due to this cause will deersase with increasing
s@ for %wo reasons--the narrowing of the peaks and the
deoreasing relative importeance of the omitted terms.

It does not seem worthwhile to give & quantitative dis-
cussion of this effeot: the last example illustrates
the approximate megnitude of this one alsc, and suggests

how elther can be discussed.
4, Discussion and Suggested further lodifications.

The study of the radial distribution funetion for
use with visuslly observed data is not complete., In
order to gain a thoroughly satisfactory understanding
of this method, and to develop 1ts usefulness toward a

maximum, it will be necessary to find out more about the
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agcuracy of the representation of the reduced intenalty
functlon, which is necessary, or obiainable, for the

various situations which arise., The efficacy of

2

choosing the appropriate values of g % Tor dif-
Terent terms of the summation should be investigated,
ag 1s speoifically demended by the theory given by
Degard. hen this id done the explicit form for the
coeffliclents, glven in B2, should be followed, and 1t
would perhaps be well to ineluds in the radial distridbu-
tion function, terms for the first maximum and minimum
~of the reduced inteusity function, 0f cours, good
measurements of these features cannot be had but thay
have to be known only so approximately that this need
not cause trouble. |

| Two suggestions which certainly are of practical
importance can be made. First, it has been found useful
in the few examples which have been tried, some of which
are inoluded in Part II, to include terms for both
maxina and minime according to the suggesiion of
‘Dr. Simon Bauer. Although it is somewhat difficult to
estimate the negative coefficients for these terus,

and 1t is possibly true that visual measurements of
rminima” are not as reliable as visual mef8surements

of maxima, these terms do meke a reliable and sometines

very valuable contribution to the radial distribution
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funotion, and should therefore be used. Often the
spurlous peaks of the funetion from the minima tend

%o cancel those of the maxime. The great diffioculty

in the visual estimation of intensities ig in astab-
lishing thelr general ftrend. This difficuliy cen be
avolded by arbitrarily fixing the scale of the "Intensity”
estimates in such a way that on the average they are
congtani~-they are to represent the smplitude of the

- reduced theoretical intensity function for & wrigld

molecule. By thus estimating the coeffiecients of the

reduoced intensity function the 1 factor 1s

Fes)

nicely provided for, while the average real temperature

factor for the molecule is reduced to unity, so that
differences among the real temperature factors cor-
responding to the several interatomic distances will
be left unohanged. With these intensity estimates the

coefficients besoms

' , ° ~asg
(40) S Ik(w:s.; € , where
-a Szg :
8 ' is the usual artificial temperature factor.

It may be expected that the radial distribution
method which has been described is as reliable as the
visual method (and mueh more reliable and powerful than

the older radial distribution method), except for those
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ogses 1n which & radial distribution function fronm
visually observed data nmust always be inferior. Such

are tine examples where many of the iluportant fsatures

of the intensity function are for some reason unsuited

to quantitative treaitment. These features can be
avolded, as such, in the visual method of inverpretation,
but in the redial distribution method they must be used
gqually with the rest of the data. DPerheps the results
of the visual radial distribution method must still be
regarded with awe and falth, even though the theoreticsl
expressions ror the half-width (derived in BB) indicate
the expected resolutiony the éurves of Figure VI help |
to tell whether a peask at a relati?ely small or relatively
large value of AL is significent, and the work of Degard
has provided a clear justification for the intrepild

approximations of Pauling and Brockway.



Sectlon 11

THE ELXCTRCN DIFFRACTIQN INVESTIGATION COF THE STHUCTURE OF
ZENZENE, PYRIDINE, PYBALINE, BUTADIENE,
GYCLOPENTADIENE, FURAN, PYEROLE, AND THIOFHENE

The determinetion of values of luteratomds distences in molscules
aas Vesn Iowsd to pruvide much dodorpation regarvidlag lectronde structurs,
ospoevially lon thoe omse of subsbances whiloh resuvnase awmong Lwo o0 aoio
valence~bond structwres. The interpretation of inveratomic distences in
verms of the types of bonds dnvolved is made with uss of an empirical
function formulated originally faor single bond-double bhond resonsmce of
the carbon-carbon bond {1). There are gilven in this section the results
of the determination of the configuratioms of two molecules Involving
Kekwle rescnancs, pyridine and pyrazine, of twe molecwles with conJugstbed
double bonds, tutadlsns and cyclopsantadisns, and of three five-membered
nsterocyclic molecules, fwan, pyrrols, and thicphens, togsther with the
conclusions regarding their electronic structures reached W application
of the bond type - interatomic distance functicn. In addition, becauss
of the improvemeni in electron diffractlon technigue since the study of
benzene in these laboratories four years ago (2) and because of its

similarity to pyridine and pyrazine, thls substence was re-investigated.

Experimental Method.- The diffraction photographs were prepared with the
apparatus and technique described bty Erockway {3). Ten or more pholographs

were made for each substance, the eleciron wave length used being about

0.0613 4 and the camera distance 10.83 cm. The values of



glven in the tables are averages of the valuess fownd ty visval weasw ge
ment of ring diameters for ten or wove filus.

ihe radial distridoblon wreatient, with the relinemeny describsd
In the fivst vecblon of thils dissertntlom, was applied as 3ho first stop
io the duterpretaticm of ke data for sach substance. Tuwriber selection
from awxng the spall range of solsealar zodels corgpat ible wish tho radisl
distrivnvion curve for each substance was tren made by the ususl visual
methsd, involving corparleon with sipplified theoretlical intensity cuwrwes
fer the models under discussion.

The sauwple of Denzene used mas prepared W redistilling thiophare-fres
benzene and reJecting the first and last porticns. A similasr tresatment was
given 4o pyridine {Kahlbeum), pyrrole {Eastman), and thicphens (Bastman).
Futadiens was prepared by tresabtiog telratromobuiane in elhyl alcohol solubion
with granulated zine and redistilling the produet several times. GOyclo=
pentadlens was prepared by distllling dicycleopentadiene; in order that
appreciable repolywerization should not take place in the sample the
diffraction photographs were made immediately after the distillation (within
one nowr). TFuran was prepared by the decarboxylation of furoic acid and
purifisd bty fractional distillation. A sampls of pyrazine kindly glvem us

ty Professcr F. V. Bergstrom was used without further parification.

Hensene, FPyridine, and Pyrazine.- New photographs of benzene were obiained

showing four more measurable rings than those used in the earlier investl-
gation in these Labwratories. The radial distritution cvrve caleulated
#ith the ¢ and 8 values of Table I (Fig. 1) shows three prinmcipal pesks,

; ¢ Q@
at 1.37 A . 2,43 A { = 8- 1.40 3.). and 2.83 A { =2 x 1.415 4), representing
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the 0= s@paraﬂmé for a régula:r hexagon with edge about 1.39 E» .

The sumall pesks do mot provide reliable Infarmation about the GoH bond
distance. m order to malks a:o. approxizate gvaluation of this distence,
intensity curves were calowlated for plane hexagonal models with (-0 =
1.39 & sad G-H varyisg betwsen 1.00 and 1.16 & a% intexvals of 0.03 A
These curves (Fig. 2) differ sigzai:ﬁ‘mm&y suly in the reglon from the
tidrd to the sixih ring., (FWole than in the tables a featirs of the
photographs 1s for convenlence desi_gm%éﬂ Ty "max.” or "min." even thovgh
it appears to be a shelf or the inner edge of a shelf, respectively, and
that in the text the munbers assigned to the rings correspond to those
for maxima in the tavtles.) The visual intensity estimates for the third
and fourth rings have the ratio U4/3; this is not in accordance with the
curves with C-H = 1.12 2, or more, walch meke ths fourih ring as strong
ag the tkird. Moreover, the 1.03 curve (as well as the 1.00 curvs)
shows only a very poorly defined shelf in vlace of the fourth ring. The
1.06 and 1.09 cwrves reproduce in a reasovably satisfactory way all of the
fa«atwes observed on the photographs, including the fifth and slixth rings.
The quantitative comparlsen of observed & values With those caloulated
for 0-0 = 1.3 & and C-H = 1.075 A (the mean for the 1.06 and 1.09 curves)
given in Table I, leads to G-C = 1,393 + 0.02 A and G- = 1.08 + 0.04 4 .
Wierl (4) and Pauling and Brodkwsy (2) have previously reported
C-0 a 1.39 2. in bemzene. Jones (5) has recently given the values C-( =
1.50 + 0.01 & and G-H = 1.14 + 0,01 A. It seems probabls that the latter
‘valn@ ig in error. |
| The vhotographs obtalned for ‘p}"z’i;ﬁ.me end pyrasine are so closely

similar %o those of benzene as to leave nondouwbt thal the three molecules



nave mearly ideatical sirmctures. The radlal distribtutien curve for
prridine (Fig. 1) cz'culated from the data given in Table II nas welle
dsfinod pesks at 1.38. 2.39 (=3 . 1.38), and 2.76 { = 2-1.38) &

The sharpnass of the 2.39 peak indicates that the siz meta dilstances 1in
the ring are nozrly egqual. The cplevlated intansity oarve for the wodel
7ith 6.3 = 1.39 R 1,33 4?1 and O-H = 1.08 & is shown in Fig. 3.
Jip campasdecs of g0 mad 3 velues for this model {TablelII) lsads
40 the valuss G-U = 1.405 and 0-31 = 1.34% 33, with average ring bond
distance 1.385 4 0,01 % The comparlson wlth the 8§ valuss for a
regular hexagonal wmodel leads to the same value 1.385 K:i’cw the average
Ting bond distance. It seems williely that the C-0 distance diffses
fzom 1.39 1, and the rewulis accordingly suggest thal tas C-1 Dlstanca
15 about 1,37 + 0.02 4.

The principal peaks on the radial distritbudion curve for pyrazing
(F1g. 1) e at 1.36, 2.37 (= N3+ 1.37), and 2.76 (= 2 « 1.38) & .
Intensity curves for modsl I, with C-C = 1.39 A , O-N = 1.33 4 , G-H =
1,09 % « and all ring angles 120, and for model II, with the same bond
distances btat with the ring angles at nitrogen 123¢ and at carbon 1189301,
making the weta distances squal, are shown in Filgure %. Thesa curves,
as well as the benzeme curve (representing a regulsr hexagonal model),
agree qualitatively with the photographs. The quantitative compavison for
all three leads to the value 1.366 + 0.01 2. for the averags ring bund

el k]
distanca. With C=C = 1.39 A , this corresponds to G-N = 1.35 + 0.03 & .

Butadiene and Cyclooentadisne.- The photographs of butadiene whlch werc

obtained are dlffuse and were measured only with difficuliy, so that the



determinatien of the configwation of the wolscule is less precise than
usual. Thirteen rings could be seem, with the 3 , &nd 1 values given
in Tabls IV, Thsge corrsspond 40 the radial distrivution cuwrve shown,
in Figurs 1, with peaxs at 1.07, 1.38, £.12, 2.48, (3.0), 3.71, (4.13),
and (H.65) A, ¥ne vaiugs ia parenthesss twiag anvelisbls., The carbone
carhon peak at 1.38 A represnantyd the mean of the wvalues for the two doutla
bonds and the intervening slagle bond, which haw some doubls bond charachae.
If the deable tonds have the sormal distencs 1.3U ﬁff ovnd in ethylens and
alleno {1b; also Bugmwoe Byster, Dissertation, C€.I1.7., 1938) the value
1. 46 i;, is indicated for the cocjogated single bond. The peak at 2,48 A
sorresponds to the 1,3 and 2,% carbon-carbon distances; this valus leads
atouts 1259 for the O=0-0 bond angle.

Of the two cenfigurationa cis GHKGH _____GH//'GHQ and trans GHQ::GFKGH —CH,

for the molezale, the latter is indicated by the presence of a large radlal
distritution peak not at 3.0 ?5., as calculated for the cis model, tut at
371 ?&. vihich is just the value calculated for the trans model.

The intemsity curves I, II, III, and 1V of Figure 4 arscalculated for
trars models with C-H = 1.06 3 and wlth the H-C=0 angles given the tetra-

hedral walue 125°16'. Ths models have the followlng additiomal pavamelers:

angle

Model 0ss 0-0 0=0-C
1 1.38 & 1.38 1269101
11 1.36 1 4% 1240400
111 1.34 1.48 123°5¥

v 1.%2 1,54 1200101



The averags ol the carbon-carbon bond distances has {0 sach acdel ing
radial distrivation value 1.33 A and the angle 0=0-C i3 such as to givs
the radial distribution value 2.48 3 for the 1,3 aand 2,4 distances. The
agrsament wlth ths photographe lo reapornably astiefactory for curwes 11
and 111, btut not for I and 1IV. Jor exarple, the relative intansities

of rings 9 and 10 ere nod well reprodaced Wy oweve IV, and those of vings
11 and 12 ave nod glvan satiefactorily Ve elther cuwrws I o cwwve IV,

The appearance of wn extra ring, €, on the photograghs may be due Yo an
Inflection in cvrves II1 and III in this region; otherwiss the agroement
1s excellent. Cuwrves were also calculated for about ten models dlffering
s1lizhtly from these, with no lmprovement.

I 18 concluded that the tutadlene molecwls has the coaliguwration
descrived ty the following paremeter values: O-H = 1.07 4, CsC = 1.35 +
0,02 4, 0~ = 1.46 + 0.03 4 , angle GaC-C = 1249 + 25, The configuration
is probebly trans, tut a small fractiem of the molecules may bepresent
in the cis form.

Data for the excellent photographs df cyclopentadiens, showing nine
rings, are given in Table V. The corresponding radial distribution curve
(Fig. 1) has pedks at 1.06, 1.42, and 2.33 A The nuuber of parameters
determining the structwre of this melecule 18 so greal as to prevemt thelr

independent evaluvation. The moleculs,

H H
\cac/

k]
without deabt has the single bond distance ¢ equal to about 1.53 A,



ad in the ¢yalopavaifins, and the doubles bond distance b egual o
about 1.35 :i;, &5 in tutadlenss The conjugated single Yond g is
poobably abvout 1.Ub ?Ls Varisus models with approximately these valunes
for the carbon-carbon distences, with ithe ring angles close to 1089,

and with J=H = L.UY .z; mave found to glve caimlatsd oarves agresing
slosaly with the phctograghe in app FATEN0D and leading on gusatitabivas
somparison to tha valus 1.445 + 0401 g for the averags ring bond distanse.
This is exactly the average of ihe valuss suggested above. Assuping the
average of the valunes of b and ¢ to be reliabla, we wiie (-0 =
1.46 + 0.04 % as the value determined for the conjugated deuble bond.
Ths curve shown in Plgwre 4, with & values given in Table ¥, is that
for the model with the values of a . b, and & glven atovs and the
angles @ =101° +2¢, [ =109° +2°, J= 110° 4 2, The agrecment

with the photographs 1s less satisfactory for other wmodels.

Furan, Pyrrole, and Thicghens.~ The data for fwan (Teble VI) lead to &

5

radial distribution cwrde (Pig. 1) with principal peaks at 1.39 and 2.26 4,
k4

indicating an average ring bond distance of 1.39 A. This is substantiated

©

ty comparisom with calcwlated intensity curves, which gives 1.395 4 0.01 &

for this average.

If the assumpiion be made that in the moleculs

H\g_..i_..g/n
J Ty
L . ﬂoxﬂ
0 C

-]
the values of & and 2 be 1.46 and 1.35 A respectively, as in btutadiene
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and cyclopentadisne, it is found that there is excellsnt qualitative and
quantitative sgreement between the photographs apd models with o=
LU £ 0.02 A, =104 33,4110 429, and y = 108° P 39,

the value O0-H = 1.09 A ’h@mg assumed. The guantltative agrsement 1s
lmpalred bty change In g, and the gualltabive agreement by change in

a (with corresponding changes in / end J* ). It is lnteresting to note
that the valus of g 1s only slightly less than the single bond 0=0
value, 1.43 A

The photographs for pyrrole are closely simllar to thess for furan,
and lead to the sams valus, 1.395 + 0,01 3, for the average ving Tond
diatance. With s = 146 end B = 1.35 4 , this lesds to ¢ = 1M1 4,
which is 0,06 & less than the O-N single bond value, In accordanve with
the discussion given below, it seems probebls that this decrssse, indl-
cating double bond character, is accompanied Ly further decrease in a,
and that the values in the molecule are a = 1.W4 A (assumed), b= 1.35 A
(assumed), snd g = 1.42 + 0.02 A. The angles have the values a =
1060 4 3°, B = 109° + 3%, and )= 108° £ 3%, The agreement of the
photographs with thils model (with C-H = 1.09 2 assumed) is shown ia
Pigure 5 and Tabtle VII.

The data from the photographs of thipphense, showing ten rings
{Table VIII), lead to the radial distritution curve of Figure 1, with
pesics st 140 & 10-0), 174 & (8-0), 2.29 & (0-C. meta), and 2.55 &
(5-f C). If the values 0-C = 1.U6 and C=C = 1.35 A be assumed in this
molecule, as in pyrrole, the radial distribution curve leads to the

: °
configuration with S-0 = 1.74 4 0.03 A, angle 0-8-C = 91° + 39,



angle S-0=0 = 112° 4+ 3¢, and angle C=0-0 = 1132 + 3%, The curva
&
celeulated for this model (with C-H = 1.09 A) agress wery well with

the photographs, as shown in Flgwre % and Table VIII.



Disgussion
Ths values found for the 0-N Kelrule-iype bond distance in pyridines
‘and pyresine, 1.37 4 0.02 A and 1.35 4 0.01 A , respectively, are some-
what larger then ths expicied value 1.33 j’«. Tow £184y percent deubls bond
chexacter. 1t 1s possible that this iz the result ol the elscironegstivity
of the nitregesn atom, leading to elgnificant resonamce with ilonic

piruciuvres guch a

H "
4] *(
HG/ \GH HC/ \GH
UL ==d o
*\ Hc\ﬁ /OH

The wlue l.46 2\ for the singls bond bYetween conjuzated double
Yonds in butadlens and cyclopsntadieme corresponds %o about 18% double
bond character. This value agrees well with that found for a single
bond between a double bond and a benzene ring in stilbens, 1.Ul 2 (6),
in view of the fact that gquantur-mechanical calculaticns show tluti a
‘dovuble bond and s benmens ring are about equal in conjugating powar,

It is wery interesting to note that the amounts of doudle bond
character corresponding to the distances C-0 = 1.Ul A, 0N =142 4,
gad G- = 1.74 A 4n furem, pyrrole, and thiogheme are 4%, 12%,snd 145,
respectively. This double bond character arises from the contribution

of structures of the type

n’ci -—-~—(':'\n Hclzw CH
c - c L]
N " and HeT



It 15 understandable that the very elscironsgative atom oxygen should fot
like %o assume the positive charge actompanying such siruchuves, and that
in consequence resonance of this type 18 of 11ttle sigrnificance for fwane.
Oz thz other nand, this resonance is lmportent for pyrrole and thisphens,
pbruciurces of *hese typsd nake a total cousclbubion of abous 24 40 28%

Tor these molezulad.
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Bummnany

In Seotion I & general rodlal distritvuslon function is derived
from the theoretisal edoression for the scabbering of fasy slectrons

by gas wolscules, and lwapplicarlon to data ouialved by visual

voervailon of &lffractiion phosograpus 1s dlscuesed. & us
moddfloavlon of the wwnal radisel distelvaiion method le poressnied,
togetner with suggestlons for 133 fuwrther lmprovement and soms
criteria for ite reliability.
Tha e2lentron diffraction investigation reported in Section IT
1sads 0 wvalass for the inseratomic distances and boad angles of
the molecwles discussed there, and to Information regarding thelir

eloctronle structures.
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PROPOSITIONS

1. The radial distridution mathﬁdl’z of inter-
Pretation ol eleciron diffraction photographs of gas
moleoules oan be modified in such a way as to ineresase
1ts uselulness. The modification ilanvelves only &
ohenge 1n the treatment of the cosfficient of the
radial distribution function, and does not appreciably
increase the laboriousness of the caleculation, It is
desirable to use data from hoth the observed "maxima™

and "mininma."

2. As the insvitable extension of the electron d4if-
fraction method to the study of more and mors complicated
moleoules proceeds, the computational labor involved

in the interpretation of the data by the more important
visual mﬂtnod% becomss increasingly burdensome. It is
therefore appropriate to conslder the following means

of deoreasing this labox:

a) Caleulation of the function

f :13
”-er oo n /Z S
11(6) ij ,,Zij sl 13

e) = 57 0 Lif
instead of I(s) = 5%7 Gij Sin—:?;Eg

b) TUse of a rapid "Fourier synthesizer.”
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o) Use of & plot, showlng the lccnﬁ of the
naxima of Jsin /Zijsi' (as a function of
./ga end 3) as an ald in the cholce of
models to be considerad,

4) 1In the case of "Free Rotastion” models,
the use of a two or faﬁr center Gaussian
representation of the distribution of
scatiering metter, together with the

"temperature effect" formulae.

3. The theorstical treatment of Jamass of the effect
of molecular vibration on the diffraction of x~rays
(or fast elsctirons) by gas melecules is unnecesgsarily

complicated, and may sasily be simplified.

4, Contrary to previous statements&, the "temperature
effect" is sometimes important in the study of molecular
gtructure by the electron diffraction method. There
are, roughly, four cases fto be considered and examples
of them have besn foundsz
1. There exist important interatomic separa-
tiong which do not have reasonable definite
values,
2. The molecule has a reasonably definite
configuration, but is large and complicated.
%. Gertain "force constants" of the molecular

potential function are unusually small.



s
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4. The moleocule contains many hydrogen etoms
together with heavier stoms,
5]

5 ‘he discussion” of lonlc radil given by Zaochariasen

is defectvive, and coanssguently differsnces betwsean his

should not be regarded as beilng very significant.

6. Yhe apparently normal heat of hydrogenation of
hydrindenaa need not be regarded as contradictory to
the thesis of Sidgwick and 3primgallg that in this
compound the benzene system is considerably perturbed

by the Mills Nixon effect.

74 Comparison of the observed Raman frequanoiaslo of
liquid phosphorus pentachloride with the preliminary
results of a anormal coordinate treatment for & trigonal
bipyremidal model indicates that for FGlg a simple

valence Iforce potential function is unsuitable.

8. ‘In the gas phase molecules of phesphorus penta~-
chloride have a symmetrical trigonal bipyramidal
structure in which the equatorial bonds are about 5%
shorter than the axial bonds. The first of these state~
ments, but not the second, is in sgreement with the

predictions of the directed valence theory of Paullug.
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- 9+ The "contribution” of "exeited" Lewis structures

to the ground state of simple hsterooyclie molecules

can be estimated from observed interatomic distances

and may be satisTactorily ecorrelated with the properties

of the hetero atoms 1involved.

10, The elffect on interatomic Alstance of one or

three electron bond formation in résonatimg systemns

of the type (— =@ o), ©%0., is approximately

half that of two electron bond formation in the analogous

8ystens (e === mm==) .., eto.

1l. &Simple conslderations based on the quantum mechanical
treatnent of molecules lead Vo the prediction that carbhon
dioxides (0,0,) conteining an odd number of carbon atoms
should be more stable than those containing an even number,
ihis 1s 1n agreement, at least, with the fact that Clg,
ﬁaga, and 650211 have been prepared while 6803, G40z, eto.
have not. ,

Similarly it may be expeoted that the tetraphenyl
cumulenes { (G) < fig and similar molecules

should fit according to their chemical properties into
two series consisting of the members with n even and

'n odd., The gven members should be the more stable.

131. Even isotopic diatomic moleocules, e.g., ED, should
exhibit pure-rotation and rotation-vibration absorpiion

spectra. The bands would not be very 1ntense.



153. Very meager, but nevertheless impressive,
gxperimental evidence suggests that the resctivity of
mixed phoapherus trihalides containing fluorine depends

on the number of fluorine atoms in the molsculs in a
12

4
L]

way similar to that found for the halogenated methanes

185 The advantages allforded teacilng rellow guests by
the 4thenasum have been exaggerated in various official
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18, See for exemple, L. 0. Brockway, J. Phys. Chem. 41,
185 (1937)
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ILLUSTHATIONS AKND TARPLES

The figures for Section I are given on pages 67- =72,

The figures and tables for Section 11 are given on

vages 73~ =85,
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Thiophene

}



o
o
w




Sy

:




V \\ \_/’\] \J\/ g

SYRIDINE.

\/\\/V\/’\
f\
ub

A N
ey \Wf *w

\/ A

/\/\\ ) \ \/\//cv\%wpsmmm

FURAN

-A/\/\ \/WVA

/\ / \ PYRROLE

Migure I
Redial Distribution Curves
Coefficients:
Denzene, Pyridine, vra7¢ne, and Iutadiene;
Cp = L8 Ze " *<Toth merimg and minima.
=
TS,
Cyclopentadiene; QK:Ithe? .k Hlavima only,
- . , q, oS,
Puran and Pyrrole; Cx= I, 5,€ . Mavima only.

Thionhone, Sce figure IV, seétion I.
Ce=I,s5. (o artificial temperature factor)
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Tavle I
Bensans
Mex.  Min. 1 G s, a® ofs
1 Y 2 3,20 2.89 {0.504)®
2 =10 =7 4,30 4,19 {0.974)
2 10 14 5.71 5.75 1. 006
3 =1 =g 7.60 7.57 0. 9%
3 i 11 9. 48 9.89 {1.04%)
b =1 -3 10.26 10.92 {(1.063)
b 3 11 11.20 11.15 {0.991)
5 -7 =27 12.46 12.50 1.003*
5 4 19 13.63 13.89 1.020
6 -2 =9 14, 89 - ———
6 2 10 15. 94 15.80 0.989
7 -5 =&3 17.k4e 17.h0 0, 999+
7 3 15 18,61 1£.84 1.012*
8 =k -2 20.18 20.29 1.008
g 13 7 21.30 21.17 0.99%4
9 -2 -8 22.70 = 22.20 0.979
9 2 g 23.80 24,00 1.008
10 1 3 {27.0) e® -
Qverage 1.002
Average Deviatlon »008

&
(G-C = 1039 310{)02 = 1939} é:)
(C-H = 1,075 »-- - - = 1.077 &)
C-C = 139 + 0.024
C-H = 1.08 + 0.043

‘ 2
® alewlated for plane, regular hexsgonal model with C-H = 1.075 A and
C-G = 1.39 1 or (See text for description of model)
E Less reliable values, not included in taking the average, are shom in
| pareniheses.
¢ Phe theoretical curve does not show a measurable feature at this point.

% In findlng the average value of s/aﬂ, the starred values are glven
double wt. for we believe them to e more reliable than the others.
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Theoretical Intensity Curves

for Benzene
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Mudel I Bemzene "1.09, 181,594
Max.  Hin, 1 o 5, 8 af o, 8 gl o .
1 1 g 3,09 2,99 {0.947) 2,89 {0,906
A =10 T WoET O 41h o 10,082 .19 0. 9503
£ 10 ik TS T R B - E 5.75 5. 00
3 =1 - Ta58  7T.08 0 2.7 7457 0. 599
3 b 11 9,14 9,94  {1.087) 9.89 {1.082)
1 =1 =3 10,21 10.7h {1.083) 10,92 {1.070)
4 3 11 .28 1130 {1.004) 11.15 (0. 992)
5 7 =27 12,73 12.7%  1.002® 12.50 0, 9g2*
5 o013 13,88 1h.22 0 1.025 13.83 14001
o 2 =) 1512 15.%%5  (1.048) ——e —
6 2 10 16,20 16.31 1.007 15, %0 0,975
7 =5 -3 17.60 17.66  1.003® 17.40 0,988
7 3015 18.86 19.10  1.013*  18.84 0,999+
8 - 20,33 20.60  1.013 20.29 0.997
8 1 7 21.44 21,40 0.997 21.17 0. 937

9 -2 =8 22,65 22.47 0.992 . 22.20 0. 980

9 ’ 2 8 23-0 52 214» 2? :‘m 016 ehm (){J 1& UU?

10 1 3 28.0 28,18  1.007 —_—
Average 1.011 0.994
Average Deviatlion  0.009 0,010
8

Models descrilosd in text.



Table 111

Pyrazine
Yodel I

Max.  Min. 1 on 8, 8 s/s0
1 Y g 3,00 3.02 (.977)
2 L1000 2100 WL W23 (L9Rg)

2 10 16 5.89  5.87 .996*

3 =2 =B T7.5% 777 1.0&3
3 L1z 9.08 10.23%  (L.127)
Y -k -2 10,20 10,70 (1.049)
I L 16 11.27 11.37  (1.CO08)
5 -7 =31 12,76 12.90 1l.012%

5 L o19 akop 143 1.026
2 -1 =4 15.21 16.02 {1.083)

Shelf & 2 10 16,20 16.50  1.01B
7 -5 .25 17.73 17.90 1.010*
7 3014 19,16 19.h0 1.,013%
8 -1 =4 20.37 20.85 1.024

3 1 4 21.51 21.60 1.00b
9 -2 -7 22.97 22.70 $988

9 2 & 2u.04 24.55 1.021
Average 1.012

Average dsviation . 008

® jModels described in bext.

Model III

8 s/s0
.06 (.990)
L.2o  (.9%2)
B.89  1.000%
7.71  1.016
10.24  (1.128)
10.62  {1.042)
11.35 {1.007)
12.89  1.011%
Wby 1,027
15.92  {1.047)
le.E5  l.022
17.95  1.007*
19.41  1.013®
20.90 1.026
21.70  1.008
22,78 .age
24.65 1.025
1.012

008

Benzena "1.097L.300

2.90 (.38
Y.,19 {.950)
515 Y
7.€0 1.002
9.87 {1.087)
10.90  {1.068)
11.20 (.99}
12.50 , 580
13.93 +991
'-—u-wc e
15.80 2975
17.40 LOBRx
18.85 L 38Ls
20.30 » 997
21.13 . 983
22.20 . 06T
24,00 +998
. 98h

007
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Theoretical Intensity Curves
for Pyridine and Pyrazine



JAEIE IV
Fotedieno

. Medel 11 I LATCR % I
Max. Min. 1 a B 3 nla 3 af =
&£

s ; ) J
%] [«] o]

Ty

; 2 2,37 S PER {-oe)®
1 5 2 3435 - | e | ——
7 RN 4,01 {0.897) 4,10 10, 518)

EERIR
2 15 1 5.te B.oE 0 {1.05%) 50 O L IET)

3 wl . £.2y {memn ) {vorins )
3 7 "1 £, % R — e )

4 2wl 7. T 7. 60 1.080 7.95 1,026
Y I A 8.79 9.00  1.027 9. 08 1,029

5 Wl R .8 9.30 0.9f) 4,40 0. 571
10.36 WOk 1.unbe 10,40 0. 98R*
11,67 11,55 0. 9%0* 11,69 0. 99k
6 I 12, 7h e ) . —
w1 w3 13433 -

{

9 13,82 - (S, . (i)
{
(

n
4R
i L
&
LR

-3

PR o T

e 14, BO - , - - R
15.58 . e et ) ST
9 w13 12,90 16.62 1,000, 16.93 1,002
18.37 18,68 1.0m7 18.69 1.017

- 19.72 19. 94 1.01% 19.80 1. 00
3 20,79 20,40 0,981 20.72 0. 947
7 22.13 22,00  0.9%4 22.3% 1,019
Y 2%, 88 23%.97 1. 004 24,12 1.010
12 - 24, 87 - o) — (o o)

12 1 2 266 R SRS O
13 -1 -1 27.10 . (=) e {nmene)

13 : 1 1 28.20 s [ - {ermerrone)

o0

.i:‘” ad &3 s
2t
o

8

W0
D T
3

B
10
1

O
L]

11

]
§
n

Avezage 1.0602 2. 003
Avzzags Deviation 0.012 0,011

® The theoreticel ¢uave does not have & well defined mex. cr min. corrosponding

to the measurad ©lng.
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¥in. 1
eg
2
70
3
28
12
5
18
)
7
7
7
8
3
9
3

%  Model for which a = 1..44

b= }a}h
c = 1.54
= 1.01°

. BD

TABLE Y

lopentadlens

Gfﬁi N 2

1 2.66
4,71

14 6,13
754

15 .08
10,37

11 1154
12.78

24 14,09
15.68

12 16.90
18.16

13 19.29
20,99

5 22.28
23.62

5 2u, 87

Avaragse

Average Deviation

Avsrags Ring Band

]
&
&
4

Nodel 1%

8 ﬁf%g
L, u5 (0. 9148)
£.00  (9.979)
746 0,990
9.01 1.003

10,11 1,004
11.53 0.999
12.68 0.992
1,3l 1.003
15. 80 1.007
17.07 1.009
18.15 0.999
19.40 1,006
21.40 1.019
22,45 1.007
23.43 0,992
24, 86 0.999
1,002
0,05
1443 &
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Figure IV

. Theoretical Intenslty Curves
for Butediene (I, II, III, IV),
and Cyclopentadiene (ch.
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Y

¥in.

LABLE VI

Toran

11

20

12

10

g

15
28

13

.15

11

2.42
3,61
4.78
£.15
7.76
9.13
10.£0

11.73

13.16
1. 44

18.23

17-€5
18.89
19.88
21.55
23,26
2lta 26

25,46



Max,

L

10

11

Undsls

=S ol < -

Hin.

. L E
i

L

w

[e

10

11

R H

i

1-47 A
134 a4

1,00

1057

LR

10

L

DeaalEs 71

Prrroia

Gk gﬁ
n 5,61
I 65

g €.20
779
7 9.2
10, €2

7 11.79
13.12

2g 14,52
16.18

13 17.54
18.72

15 19.53
21.80

17 22,98
24 57

L 25.82
27,14

7 28,07
29.34

3 30,81

Avarage

Hedsl 1

T

Average Deviation

Average Ring 3Band

1.0073
1.00)
1.009
1.017
1.003
0.995
1.000
(=)
E—
(e vinn)

1.004
0.010

1.395 a
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MAELE TITT

Thiophene
v Madel I%
Max. Min. I G, 5, 8  af 8,
1 2 0 337 353 (n.ou®
2 Y. hp 4,50 {1.019)
2 10 5 5. 6l 5. 52 {0.978)
3 £.90 6.80 0. 966
3 g 9 £.17 8.05 0,985
4 9.53 9.50 0.997
4 3 5 10.71 10,92 {1.019)
5 11.70 12,08 (1.0%2)
5 1 3 12.63 12.42 (0.983)
6 13,80 13.78 0,993
6 3 11 15,05 1%.30 1.016
7 ' 16.68 16.82 1.008
7 1 5 17.99 18.30 {1.017)
‘ g 15,88 18. 85 {0.598)
8 1 6 19.71  19.60  (0.994)
9 21.10 21.30 1,009
9 o 9 22.53 22.79 1.010
| 30 23.97 2k, ol 1.003
0 ¥y 5 25,41 25.33 0,997
AvETAZE 1.001
average Deviation 0.008

2 Model describved in text

b Meny of the featwres of the thlophens photographs are of types lnowm to be
generally hard to measure. Here the inner rings, and the componenis of the
%wo dowblets have Leen tirown oub of the average, since measwremsnds of both
types of fealures are kmowa %o be wnvellabls. The effect of the cholce of rings

Lo be throm oul is here somevhatl greater than ueunal and way ameust to
2 0.005 in sfso.
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Figure V

Theoretical Intensity Curves
for Pyrrole and Thiophene




