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Part I. [Electron Diffraction Investigations of Gas Molecules

I. An Electron Diffracticn Investigation of Vanadium Tetrachloride

A. Introducticn

On the basis of vapor density measurements Roscoe (1) assigned tﬁe
formuls VCl, to vanadium tetrachloride in the gas phase. The physiocal and’
chemical -properties of this interesting compound have recently be»en suxmnar;-
ized by Simons and Powell (2). A

Frompted mainly by the possibility that the unpaired electron in the
monomer might play a steric role leading to a struoture different from the
common tetrahedral structure, we have undertaken an electron diffraction-
investigation of vanadium tetrachloride, with the results deseoribed below.

Bs Experimental

Vanadium tetrachloride was prepared by the method Ideacribed by Mertes
(2). Dry chlorine was passed over ferrovanadium (containing about 50% of
~vanadium and 4% of silicon) in a glass combustion tube at 400°C. in an
electrio furnace., The crude product was purified by two %uccessive frac-
tionations through a 30-cm. all-glass column packed with élass spirals.

The final product was analyzed for quadrivalent vanadium by titration
with etendard pormanganate solution. The rgeults indicated 99.3% of vanadium
tetrachloride; the impurities were probably chiefly silioon chlorides.

The electron diffraction investigation was carried out with thé apparatus

desoribed by Brockway (4). Photographs were taken at camera distances of

T1) H. E. Roscoe, Am. Chem., Supplement VIL, 70 (1870).

(2) J. H. Simons "and M. G+ Powell, J. Am. Chem. Soc., 67, 75 (1945).

(3) a. T. Mertes, J. Am. Chem. Boa., 35, 671 (1913): see alsc Referenoe (2).
(4) ‘L. O Brockway, Rev. Mod. Phys., 8, 231 (1936).
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10.¢1 cm. 2nd 20,19 cw. with electrons of wevelength 0.0610 A4, as determined

by standordization against zine oxide (5), The photograrhs were teken with
the sample at amout 5¢°C.

C. Interpretation

The appearance of the photographs, whick show measureable Peulures
out to g valves of about twenty-five 5 = éflvsin'g ‘; is représenﬁed by
durve V of Figure 1. 'Since the first feature (dotted portion of curve V),
which cannot be read from the photographs is relatively insensitive to
structure, it could be estimated satigfactorily from previous exyerience
vith the theoretical curves of other more or less similar molecules.,

The radial distribution function (6) was calculated from the visual

curve, V, by means of the equation

2 ,
© Spay -as,
(r) = Z t I (si) ¢ © sin (rs, ) ; (1)
= L
1% 16

where the sumretion wes carried out in steps of = - IL”‘and Q:W&S so chosen
—aseax s o v el PRI IO, %0 I M
that e z 0.10. The radial distribution curve thus obtained (curve RD,
o)
Figure 1) indicates two important distanees, zt r = 2.04 A and v = 3,30 A,

o)

whose ratio 1.818 zgrees satisfacteorily with the exrected ratic for 2 tetra-

m]»—- w,

hedrzl zolecule, (&/2) = 1.633. The other sm=ller peaks of the redial

distribution curve =zre undoubtedly spurious; the only prominent ones, those
0 0

at 1.37 A and 4,58 A, do not correspond to sensible ianlerulowic dislznces

for env configuration of this molecule. We zssume thst the scottering gas

contained no significant emounts of molecules other than VCI4.

(5) C. 5. Iu and E. W. Malmberg, Rev. Sci. Instr., 14, 271 (1943).
(6) " L. Pauling and L. O. Brockway, J. Am. Chem. Soc., 57, 2684 (1935),
R, A. Spurr and V. Schomaker, ibid., 64, 2693 (1942},
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Legend for Figure 1.
Electron diffrsction curves for vanadium tetra-
chloride: wvisuzl curve V, theoreticsl intensity
curve T, and radial distribution curve RD, The
numbers above curve ¥V and the arrows on curve T refer

to the measured g values in Tzble I.
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Hence the radial distribution method indicates that the molecule is
tetrzhedral,

The correlation method (7) was used to test the cohclusion of the
radial distribution treatweant, The theoreticzl intensity curve T was cal-
culated for = tetrahedral model with V-Cl z 2.02 Z and Cl~Cl = 3.33 ﬁ,

according to the formuls

znz.
I (8) = ZE: rl J sin (rijs) (2}

. . i3
14

The major fe-tures of this theoretical curve are in agreemcat with those of
curve V. Although some slight discrepancies afe appareat, for example
with regard to the intensities of the 10th maximum and the 2th and lith
minima relative to neighboring features, reexemination of the photographs
showed that their appearance is actually entirely consistent with the
theoretical curve. In the radisl distribution curve the spurious smaller
peaks mentioned above are probably {he result of these aspects of the visual
curve which we now belieié aré~quaﬁfitativély in cons%derable error, rather
than of numerous more subtle errors in the drawing of Ehe visual curve;
however it did not seem worth while to verify this bysrecalculation of the
radial distribution function,

The quantitative comparison of the measurements of the feztures with
the theoretical curve for the tetrszhedral model is shown in Table I. The
values in parentheses were omitted from the averéges beceuse it is known

thet the corresponding measurements (of extreme outer =smd inner rings) are

unreliable,

(7) L. Pauling and L. O. Brockway, J. Chem. Phys., 2, 667 (1934).
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Tsble I
Bobs, Seale. ®calc./%obs.
1.94 1.70 (0.877)
. 2,51 2,40 { .956)
3.24 3.01 { .227)
4,23 4,15 980
5,32 5.26 ©.,989
6.21 5.45 {1.038}
7.12 7.14 £1.004}
7.95 7.71 10.970§.
8.98 8.74 0.974
9,92 9.94 1.002
11117 11.08 0.992
12.27 12,03 { .980%
12.9% 12,42 §.961}
13,81 13,50 .992
14,76 14,51 .890
15.82 15.85 1.C02
15,25 16,85 {1.037}
15.77 17.2¢9 {1.031}
18.08 18,18 1.005
19.28 19.31 1.001
20,35 20,39 1.002
20.91 21.55. (1.031)
21,34 22,00 (1.031)
21,86 22,88 (1.046)
23.11 23.97 (1.038)
24.17 25.15 (1.041)
Average®  0.996

Average deviation® .C13

® In the celculation of the sverage and averuge

deviation the values in parentheses were omitted

snd those in braces were given half weight.
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Furthermore, the ratios enclose’ in braces were given only helf weight since
the measurements of unsyrmetrical rings on which they depend are distorted
by what has been called a St. John effect (4}. The quantitative comparison
leads, in agreement with the radial distribution function, to the following
structural parameters and probsble limits of error: V-Cl = 2.03 } 0.02 )
and C1-Cl = 3.32 § 0.03 3, _

An additional tﬁeoretical curve, which is not included in Figure 1, was.
calculated in which account was taken (8} of the actual ratio of the scattering
powers of vanadium ané chloriné, (z - Fjél/ (z - F)v. This curve was found
to be substantially idemtical to the one given in Figure 1.

D. Discussion

The vanadium~-chlorine distance of 2.03 g in vanadium tetrachloride is
shorter than that found by Palmer (9) in v=nadium oxytrichloride (V-Cl =
2.12 X). The bond distances in these molecules and those reported for the
related compounds chromyl chloride (9}, titenium tetrachloride (10}, =nd
titanium tetrabromide (}0) can be brought together in = simple discussion
bagsed on values of the covalent radii for titaniﬁm; vanadium, =and chromium,
eatimated as described below, and on the assurmption tﬁgt six of the nine.
available central ztom orbitals (Bd5 43';ﬁ3) are used, on the average, for
bond formation by each of these atoms. This assumption is probebly only
epproximately valid sinee these three elements will noti have the ssme ten~-
dency to employ”ﬁhe avzilable orbitzls and since other mechesnisms then the

formation of multinle bonde m=y play a role in shortening the bouds.

(8) R. Spitzer, W. J. Fowéll, Jr., and V. Schomzaker, J. Ar. Chem. Soc.,
64, 62 (1942).

(9) K. J. Palmer, J. Am. Chem. Soc., 60, 2360 (1938).

(10) ¥. W. Lister and L. E. Sutton, Trens. Feraday Soc., 37, 393 (1941)



Plausible values of single-bond covalent radii may be assigned to these
three elemente. A titenium radius of 1.28 X is obtained (10} by wultiplica~-
tion of the octahedral radius of titenium (1.36 ) by the value 0,943 found
for the ratio of the tetrahedral and octahedrél radii in %in and lead com=-
pounds. A chromium radius of 1.13 2 may be obtained by subtracting the
chlorine redius 0.99h3 from the chromium=-chlorine distance in chromyl ehloride,
2.12 £ 0,02 R. Thias radius, which is less than that (9) assumed by Falmer
(1.15 &), may well be slightly small if more than six orbitals (on the average)
are used to form the bonds to chlorine and oxygen or if the bonds are shortened
for other ressons. We interpolate, nevertheless, between this chromium
redius (1.13 R) and the titenium radius (1.28 R) to obtain a vanadium radius
of 1.20 K. Although this radius may also be slightly small, we shall euploy
it in our discussion; its value is the same as that =zssumed by Pslmer (9).

A double-bond radius for chromium of 1.02 2 may be obtained by sub-
tracting the double-bond radius of oxygen {0.55 R)ifrom the chromium~oxygen. --
distance in chromyl chloride (1.57 33. If we assume that Lhis very reasonable
difference of 0.11 2 between the single~bond and douh1e~bond radii for-
chrominm applies slso to venadium and titanium, we obtain 1.00 % and 1.17 3
for the double~bond redii of these two elements, respéctively.

4 velue for the vanadium~chlorine bond Aistanca in venadium tetrachloride
can now bé obtzined. If, on the average, six orbitals are involved in bond
formation to the four chlorine atoms each bond has 1/2 double bond chzracter.
From the vanadium~chlorine 51ngle bond distence of 1.20 + 0,99 = 2,19 & and
the double bond distance of 1.09 4 0,89 = 1.98 A together with the resonance
curve relating intératomic distance with the amount of double bond character

0
(11) we predict the value 2.04 A for the venadium-chlorine distance; this

" (11) L. Pauling, "The Nature of the Chemical Bond", second edition, p. 164 ff.
Cornell University Press, Ithaca, ¥. Y., 1%4C. -
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value is in good agreement with the observed distence 2.03 3. The unpaired
electron in vanadium tetrachloride probably occupies one of the 3d orbitals
not invelved in bond formation. It is interesting that this electron does
not pley a significant steric role similar to that ordinarily played by an
unshared electron pair in the structure of this compound; the observed
tetrahedral configuration is that which would be expected if this electron
were zbsent.

In vanadium oxytrichloride, however, five of the six orbitels are required
for the three bonds to chlorine atoms and for the double bond to thé oxygen
atomy thus leaving one orbital to form multiple bonds. If we assume that this
extra bond, resonates equally emong the four atoms surrounding the vanadium
atorm, we expect a,vanédium"chlorine distance of 2.0¢ E’ corresponding- to 1)@
double bond character, and 2 vanzdium oxygen distance slightly shorter than
the double bond distance of 1.09 4 0.55 = 1,64 &, This shortening can be
calculated from the double~bond and triple~bond disfances of 1L.64 ﬁ and 1,49 ﬁ,
respectively, with the use of the resonance curve and wiﬁh the assumption of»
1/4 triple bond character; thus the vanadium-oxygen distance of 1.64 - 0,08 =
1.56 X is expected. These walues =mre in good agreemen?: with the distances
observed in vanadium oxytrichlorides V-0l = 2.12 ¢ 0.63 R»anq V=0 = 1.56 ¢
0.04 .

Some shortening of the vanadium~sulfur distance in the unusuzl crystal
sulvenite (12) might also be expected from these considerations, inasmuch
a8 the vanadium atom has only four closest sulfur neighbors, (along with
six copper neighbors, somewhat further éway, with which it undoubtedly inter-
acts rather strongly). The obeerved distence is 2.19 3, or 0.05 % 1ess than

the sum of the single bond radii.

(12) L. Pauling end R, Hultgren, Z. Krist., 84, 204 (1933).



In titanium tetrachloride we mey expect a value of 2,12 R from the
sums of the single bond radii (1.28 + 0.99 =z 2.27 &) and double bond radii
(1.17 + 0,89 ¢ 2.06 &) if we make use of the resonance curve. Similarly we
might expect a value of 2,27 & in titenium tetrsbromide from the single-bond
and double-bond radius sums of 2.42 R and 2.21 2, respectively. The observed
values (10) (Ti-Cl = 2.18 # 0.04 & and Ti-Br = 2.31 # 0.02 ) ere somewhat - .-
larger, suggesting somewhat less double bond character, as if titanium ac'ﬁually
had e tendency to employ less than six orbitals in bond formation in these

tetrahalides.
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II, An Eleotron Diffraction Investigation of Dimethylketene Dimer

A. Introduction

This inyestigatibn of the molecﬁlar structure of dimethylketere dimer,
which may be presumed to be'2,2,4,4-tetramethyloyolcbutadione-l,5, was
undertaken because of its interest in commeotion with the structure of
diketene, which is still under active discussion. Although work on diketene
was begun, it was disoontinued because our diffraction photographs were
unsatisfactory and because it was understood that an electron diffraction:
investigation is forthcoming from another laboratory (13).

B. Experimental

The sample of dimethylkebene dimer was propared by Dr. C. W. Smith of
the Shell Development Company, Emeryville, California. Dimethylketene,
[(GH3 )20~=CWO] » prepared from of -bromoisobuf;yryl bromide, was isolated and
then allowed to pol&ﬁerize in ethyl acefats solution. The dimethylketene
dimer which was separated from this mixture melted at 113%114%. 4 rough
determination of its vapor pressure gave the values © mm.{at 52°C. and
38 mm. at 87°C. These characteristics are i; agreemsnt‘with those reported
(14,15) in the literature for samples obtained by different syntheses. As
might be éxpected the compound has no permanent dipole moment (14,15).

Diketene, on the other hand, has a dipole moment {16) of 3.31 D, and so

carmot have the cyclobutadione-1,3 structure.

. (13) S. H. Bauer, private communication.
(14; D. Hammick, Ge. C. Hampson, and G. I. Jenkins, J. Chem. Soc. 1263 (1938)
(15) I. B. Coop and L. E. SButton, J. Chem. Soc. 1269 (1938).
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Fhotographs were taken at a camera distance of 10.%3 cm. with eleptrona
of wave length C.C610 R ag determined by stundardizstion =zgainst ziuc oxids
(5)« The vapor was obtained from a sample of the substance heated at 900 to
120° G in s high temverature nozzle (17).

. Interpretation

Both the radial distribution.method (6) and the correlation method (7).
were used in interpreting the photographs., The radial distribution function

was calculated (6)‘from the visual intensity curve by means of the equation

2
-aQ.
O(r) = E I{qy) e 51 gin ;% ar
1;2 I)L}nn,oo *

2
with & so determined that e 89 i equal to 0.10 at g = 90. The theorsiical

(3)

intensity curves used in the correlation treatment were cazlculated from the

simplified formula (7)
4

0 ;2. 2
1 -b; s . :
I(q> = E d o P4 sia IL-U..q

e T 16 iy 4
45 ij (4)

where the constent bij in the expoaential temperature factor term was given

the velue 0.00015 for bonded C-E terms, 0.0003 for non-bonded C.,.H terms *
and Q for all other terms.

D. Results

The electron diffrzction pattern of dimethylketene dimer is represeanted
by curve V of Figure 2. Thc unobocrveble first feature (dottcd porticn of
curve V), which is rel-tively insensitive to structure, was taken frow the
theoreticsl curves. The radial distribution function R calculated from this

0 o) 0 )
visual curve shows sharp peaks at 1.17 A, 1.55 A, 2.20 A, and 2.58 A, and

(18) P. F. Oesper and C. P. Seyth, J. Am. Chem. Soc., 64, 768 (1942).
(17) L. 0. Brockwey and K. J, Palmer, J. Am. Chen. Soc.y 53, 2181 (1937).



rather broad peaks at 3,32 2 and at 4,43 R. Its interpretation‘iﬁ terms
of the tetramethyleyclobutadione structure is straightforwzrd. The first
peek corresponds to the C.H and C=0 terms; with the assumptions that the
‘C~H pesk is at 1.09 ﬁ, that it corresponds to a temperature Séctor vith

b 0.00015, and that the two terms have the relative weights corres-

c-H =
ponding to those expected for tetramethylcyclobutadione, this first peak ‘
gives a C=0 distance of about 1.22 i. The peak at 1.55 } corresponds to the
C-C distances in the four-membered ring and to the C-CHq'distances. These
distances cannot differ greatly because the half-width (at half-height}_of

this peak corresponds closely with that expected from the use of the expo-

nentisl term in Equation (3), anamely, w, = 8.5/¢

A The peak =t 2.20 A

rax’
corresponds to the non-bonded C...E terms aud the cross-ring C...C distances.
Anzlysis of this peak with the assurptions C...H = 2,16 % and bC...H = o.0é03
yields a C...C distznce of 2.21 X, which corresponds to 2 C=C bond distance
of 1.56 1 in the ring, in good sgreement with the 1.55 4 peak. (A& strict
interpretation would then suggest a G’—CPI‘2 distance‘of 1.54 3).» The pgak at

2.58 & correspouds to the shoriest non-bonded C...0y C...CH,, and CHQ-..GHB

3
distances, which have relative weights uzizj/ Ry ‘ofj 20, 30, and 8. With
consideration of the smell width of this peak, these distances, particularly
the first two, camot differ greatly from 2.5E 3. The remaining corrarisons
of the distsnce speetrum of tcotramcihyleyelobutadione with the radial dis-
tribution function (as shown for model A; sce Ficure 2] is satisfactory

if the terms corresronding to distances grezter then 23 3 are given suitable
temperature factors., Thus the terms which coantribute to the pesk at 3.32 E
give a composite term at 3,32 3, in good agreement with the position and zlso

with the zrea of this peak, but if the temperature fzctor is oritted the

resulting peak is too narrow and too high as compared with that shown by
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Legend for Figure 2

Clectron diffraection curves for diwmethylketene dimer:

visual curve V, theoretical intensity curves A...K, and
radial distribution function R. The heavy theoreticzl curves
were caleulated (for models defined in the text) omitting
distances greater than 3 ﬁ; in the light curves all distznces
were included. The numbers sbove curve V a.ﬁd the arrows

on curve A refer to the measured g values in Table II.
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the redial diastribution function. The 3211 pezk at 4,43 g does not cor-
respond well with the spectrum of the comparatively unimportant long distances
in the molecule, but it may indicate in =z genersl way the presence of scatier-
ing from these terms. At any rate it can be said that the discrepancies
in this region represent errors in the visual curve no greater in magnitude
then thoze demonstrated by the two sharp negative regions at 0.83 K and
1.89 3, and that the tetramethyleyclobutadione structure is well confirmed
by the radial distribution curve.

In the correlation procedure the visuzl curve was compared with theore-
tical inténsity curves calculated for tetramethyleyclobutedione models
of symmetry DZh (except for the hydrogen atoma) with the bonded C-H distance
1.09 3 and tetrahedral bond angles at the methyl carbon atoms., All hydrogen
interaction torma oxcept thosc due to the bonded and shortcot non-bonded
carbonwhydrégen distances were owitted, because of their relatively smszll
weight and necessarily severe temperature factors., fhe five parameters of
this structure mzy be takea as the ratio (C-C)/(C-CH3), the ratio 2(C=0)/
[(e-c + (c-c,)], the G-C0-G (ring) angle, the CH,=0~CH_ angle, and,as
size parameter, RC~C) * (C-CHEU,/Z. The temperature féctor for the distances
grezter than 3 3 also needs to be determined. In order to take sccount
of this temperzture factor two theoreticzl curves were celeulated for each
‘model, only the terms less than 3 K being included for the additional,
heavy curve(?igure 2} It was found_that for the best models the nost satis-

factory agreement with the wisual curve was obtained by interrolation (18)

(18) The interpolated curve lies 13% of the way from the light toward the
heavy curve ot g = 15; 4274, at q = 30; and 954, at g = 7C. For the best
nedel the three distances contributing to the 3.3 A pesk sre nearly squeal.
Some of the less satisfactory models tend o reaquire somevhat different
valugs of b ; for exsmple, models with these distonces distributed sbout
3.3 8 2s  1J an aversge require smaller values of bij'
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between the heavyzmd light curves according to the termpersture factor
e“bijﬁg for distances grester than 3 A with by, equal to 0.0006. Dis-
agreement is produced by varistion of bij by t 30% of this value.

Hodel A, which wess suggested by the radial distribution function, is
defined by the parameters 2(c;o)/&c—0) + (c-—oH3)]= 1.22/1.55, (C-C)

ring/(C-CH,) = 1.56/1.54; C-CO-C (ring) = 90°

y CH=C-CH, = 106%28', and
BC-C) + (C-CHqi] /2 = 1.55 ﬂ, and leads to curves A in excellent agree~

ment with the visusl curve V in the Bense of the interpolation just described.
The slight discfepancy in regard to the relative intensities of the niath

and tenth maxima is discussed below, ReBxamination of the photograrhs
iﬁdicated that the differeaces in the third, fourth, fifth, =and sixth

meximna were exeggerzted slightly in the drawing of the visusl curve, and

thet the interpolated theoreticel curve is sctually ia good agreement with
the photographs in these resrects.

A, comvlete examinzstion of 211 posszible parametér variations in the
neighborhood of modei A was 7ot undertaken, =zlthough each of the parsmeters
was varied separately in the following series of models, in which, unless
ctherwise stated, the parsmeters have the same values %s in model A. In
considering the effects on the curves of the parzmeter variation it w=s
found useful throughout to think in teras of the radial distribution funetion.
Veriation of (0-3) / (5-CH3) to 1.61/1.49 =2ad to 1.51/1.59 is illusir-ted
by curves 2 and C; it appears that for this variation modéls sith these
two distznces differing by as ruch as £,09 g are definitely inacceptable,

particularly with regard to the relative intensities of the extreme outer

In

eztures. lodels D and E, with 2(Cx0)/ {KC-C} + (C-CHgg equal to 1.17/1.55
and 1.27/1.55 are somewist outside of the range of acceptability. OFf the

thrae tiodelsy, F, Gy, and Hy in Whigh the G=C~C angle at the carbonyl group
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was given the vaiues 859, 950, and 1000, ¥ and G ere nearly =ccepteble,
while H is definitely poor. Of models I, J, and K, in which the CH3~C~CH3
ahgle was given the values leO, 1150, and 1260, the only‘acceptable model
is J.

Simultaneous variations of the paremeters were investigated by in-
spection of the curves on the assumption that the effects of the variations
are additive, as they must be for smell variations. Combinstions of varia-
tions of (C-C) / (C-CHS) and 20=0/ [(c-c) + (c-ca3f] do not lead to better
agreement than that shown in curve A, as may be seen by comparisons of
curves By C, D, and E; nelther do they suggest that simulteneous variations
of these parameters could lead to sztisfactory models with parameters
outside the ranges of acceptability established for the single variations.
The szme is true, moreover, for corbined variations of thcac two parameters
with either one of the angles. FHowever, when sirultzneous variations
of the two angles are allowed a much increzased range of acceétable angles
values is revealed in which the angles are increased or dscreased together,
This is illustrated Ey an average of curves G end J with somewhaf_the
greater welght for G . Indeed, slightly better agree@ent with the relative
intensity of the ninth andvtenth maxima_zhan ghown by model A is obtained
by a variztion in the direection of this combinmation without producing
unsatisfactory effecte elsewhere. On the other hand, simultaneous increase
of one angle and decrease of the other leads very quickly to unsatisfactory
curves.,

On the basis of the radiel distribution function, these considerations,
and quantitetive comparison of observed and calculated q values for models

are ,
A (Teble 2), Cy Ey G, and J the final parameters,taken as C-C = 1.56 ﬁ,

c-cH, = 1.54 &, ¢=0 z 1.22 %, ©-00-C £ 93°, and OHg-C-CH, z 111,
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Table II

ia. Tax, q obs. q caleds q calcd./q obs.
1 5.32 5.5 (1.034)
1 2,28 8.1 (0.982)
2 11.6C 11.4 (. .9283)
2 14.21 14.7 { .993)
3 . 16,13 15.6 ( 937}
3 18,58 18,5 .996
4 22,07 22.0 .997
4 26,09 25.8 . +989
5 28,68 28.8 1.0C4
5 21,87 21.8 0,998
5 38,35 35.5 1.0C4
6 403 64 40,7 1.0C1
7 44.85 45.5 1.012
7 49,15 43.1 .999
8 52.41 51.8 { .988
g 55.90 55,9 1.000
g 60,50 5045 1.0C0
9 65.02 8542 1.003
10 58,37 5840 0.995
10 Tz.02 70,9 » 984
11 75.3C 75.3 . .987
11 8C.28 80.0 997
12 - 83.24 83.9 ' l.0C8
' 12 85,C8 88,7 1.0C7
13 ag,.66 Q.0 1.015
13 93.94% 94,3 1.C04
14 98.91 93.9 1.000
Average . : C.99¢
average deviction ".006

8The values of g were teken fraz the average curve
caled. -
obtalazd by welghting the Zight znd heuvy curves of codel A
2]
. ~C.CCC5¢" .
according to the factor e ° * o Velues in parentheses were

omitted in the calculation of the averare znd aver-ge deviotion,
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Although the averzge of C-C and C-CH3, which determine the position of »
the 1.55 3 peak of the radizl distribution function, can be determined with
the usual precision (¢ 0.02 R), their difference camnot, the two distances
being so0 nearly alike as to be unresolvable; this circumstance makes it
necessary to assign the considerably larger value ¢ 0.05 R for the limits
of error (limits which we believe the error is not likely to’exceed) of
the separate determination of these two distances. The C-0 distance,
with the limits of error of & 0.04 &, is also not well fixed because ell
of the oxygen terms are either unimportant or imperfectly resolved from
other terms. Limits of % 6o can be'assigned to the angle variations if
simultaneous variation of the two angles is excluded; otherwise much greater
limits of error,‘so greaet as almost to deprive the experimental values

of any quantitative significance, must be assigned.

/ E. Temperature Fector and Atom Polarization

The tetramethyleyclobutadione molecule is so complex that any simple
consideration of the vibrations responsible for the apomalouslyularge tem-
perature coefficient, which represents an increment té the average that
prevails for the shorter distances in tﬁ; molecule, is likely to be
unsatisfactory. Te wish neverthelessz, to discuss a particular mode of
vibration which we believe may bLe malinly responsible both for the wznomzlous
terperature factor of the longer distaances and the unusuzlly large atom
polarization (15), which corresponds to 2 root-mean-square dipole moment of
about 0.7 D. Coop and Sutton (15) conclvded that a different mode of vibre-
tion was responsible for the anomalous atom polarization, Foi each of these
two modes of vibration we shell compare the rootwmean-gquare amp}itude
rednired for the anomalous te@pgéaﬁure_factor, and that‘requ@re& for the

anomalous atom polarizetion with estimateés of the asmplitudes to be expected
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01 the basls of classical terperature excitation.

The first-mentioned mode of vibration is the one in which approximately,
the :C;O groups oscillate in & plane perpendicular to that of the ring
while the >C(CH3)2 groups wove similerly and in the oprosite direction,
each of the groups retaining its two planes of syumetry and the four bond
angles in the ring remaining equal, if the coefficient bij = 0,0006 can
be said to =prly to the GHq"'G distances, as is rcasonsble since these are
by f=r the most important of the long distances. for which bij was derived
28 an average (19) value, the root-mean-square deviation, €, of the Cz0
bonds from the mean plane of the molecule 1is 50. The atom polarization of
the gaa ﬁolecule corresponds to a root-mean-squere dipole moment of C.66 D,
Reduced to C.6 D to allow for the "normal' atom polarization (57 of PE)
which might be expected for the simpler group vibrations, this moment
gorresponds to a value of 7° for 8, in fair agreement with the diffraction
datz estimate., That these'émplitudes are rexsonable for this wmode of
vibration can be seen from a caleulation of the amplitude for classical
excitation at 100°C. on the assumption of a parsbolic potential function
(2C) for beanding of the ring bond énglea from an (aasﬁmed) normal angle @
of 109%°. This axzplitude, 8 = 3.50, ig ;;aller then the values derived
above, It may be remarked, however, that the expected anharmoaicity of the
poteatial funection would lead to = ceansiderable incrcase of the cc’ti':t".;tc,‘the

ring bond angles being widely streined from their normal tetrihedral values,

(19) Ounly the 3.3 X group of distances are important., If for this group
account were taken of the relatively small dependence of the CH,***¢

(ring) and 0***0 (ring) distances on this vibration as corpared vith

thet of the CHq.®**0 distances this estimate of 6 would be glightly

increased; however, for s model with distances in the 3.3 b4 region

not all alike (18) i% would be sorevhat dscreased. o e
(20) The constant k = 10711 ergs/radian®/bond angle in the potentizl function

M=k (59!'0--0-@)2 was estimated from the beunding frequency of propane.



Coop and Sutton (15) attributed the atom polarization predominantly to
oscillations of the C=0 groups in the plane of the four-memberéd ring.
In order to account for the bij value of C.00C06 by this mode of vibration
alone & root-mean-square displacement, 63 of the C-0 bond of 14° is required.
The anoﬁalous atom polarization requires a value of €' of 100 if the two
C=0 groups are assurmed to oscillate independently. With the assumption
of a constant of 10—11 ergs/radianz for bending the Cz0 bond against the
rest of the C-CO-C group, the amplitude calculated for classlcal excitation
is found (21) to be &' ¢ 2°,

These calculations show that the very large temperature factor for
the long distences in dimethylketene dimer is of the right order of meg~
nitude to be consigtent wifh the anomalous stom polarization. They further
suggest that both of these effects may well arise predominantly from an
out-of-plane vibration of the ring atoms and the attached groups rather
than from vibrations of the oxygen atoms in tﬁe pléne of the ring as
.suggested by Coor and Sutton. To be sure the argument is based on force
congtant estimetes which are none too relizble; however, it seems unlikely

that they can be so grestly in error as to 1nvallﬁate the conclusion,

(21) The bending constsnt used here for C=0 egainst the C-C-C group
suggests itself as 2 ressonshle lower limit in view of ‘the bond
bending constents listed by Ferzberg (Infrared and Raman Spectrz
of Polyatoric Molecules, D. Van Nostrand Compeny, Inec., ¥ew York,
NJY ., 1945, p. 193.), at least if it is essunmed that the bond
angle strzin in the four-membered ring has no great effect. With
this force congtant the eft¢Lated frequency of the vibration is
low enough (sbout 3CO0 cm thzt the assurptlon of classlcal ex-
citation cannot be greatly in error.
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IIXI. A Reinvestigation of the Molecular Structures of
Tetrachloroethylene and Trichloroethylene by the
Eleotron Diffraction Method

A, -Introduotion
Because of the difference between the molecular structurss for
phosgene reported by Brockway, Beaeh and Pauling (22), and in a more
recent lnvestigation, by Schomaker, Stevenson, and LuValle (23) it was
thought desirable to reinvestigate the structures of some of the other
compounds reported in the earlier paper. Accordingly e reinvestigation
of the‘méleoular structures of the six ohlorocethylenes was begun in '
February 1942, but studies of only two, tetrachloroethylene and tri-
~chloroethylene, were substantially completed before June 1942, at which
time this work was discon%inued because of the press of war work; It is
expectdd that the investigation of the entire series wiil be oompleted
in the near futura. Meanwhils, the results for tetrachlorcethylene and
’triahloroathylene‘are here reported, and are compared with those obtained
by Brookway, Beach, and Pauling (22).
B. )Experimantal
Eastman White Label Grade (C.P.) tetrachlorcethylene and Braun Chem-
jeal Company (C.P.) trichloroethylene were fractionated in a 12-inch
column packed with glass spirals. Only the middle fractions were used

in the electrcn diffraction investigation. The refractive indioces,

20°

Ny

, ‘of these fractions, 1.50556 for tetrachloroethylene and 1.4776 for

(22} L. G. Brockway, J. Y. Beach, and L. Paulmng, J. Am, Chem. Sco.,
57, 2693 (1935).
(23) V. Schomaker, D. P. Stevenson and J. E. ?Jﬂﬁlll& To he publiahed..
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trichloroethylene, are in s;tisfactory agreement with the reported (24)
values 1.50547 and 1.4777, respectively. Photographs of both compounds
were taken at camera distances of 10,95 cm. with electrons of wave length
0.0615 X a8 determined by standardization against gold foil. The photo-
grarhs were taken with the samples at 25°<amd sc®.
‘,C. Interpretation

The aprpearance of the photographs is represented by curves ¥V of
Figures 3 and 5. Since the first feature (dashed portion of each of
thsse curves), which cannot be read from the rhotographs, is relatively
ingensitive to structure, it could be estimated sstisfactorily from
previous experience with the theoretical curves of other more or less
similar molecules. Recent rHexamination (February 1946) of the photo-
grarhs without previous reference to calculated curves indicated the ‘
rmodifications shown by the dotted portions of curves V in Figures 2 and 5.

Both the radizl distribution method (5) and the correlation method
(7) were used in interpreting the photographs. The radial dia'bribu'bicn
functions were caleculated from the visual intensity curves by éeans;of
-8a Q1

Ecuation (2}, p. , in vhich g was so chosen that e = 0.1 at ¢ = 65

for tetrachloroethylene and at q ~ 85 for triéhloroethylené: The theo-
retical intensity curves used in the correlzticon procedure were cclonleted

(4) from the simrlified for-ula

(Z ~f ) b .q2 "
(a) ot (-~———:;"9 e 1] sin 5 Ty 44 (5)
i, ij

in which account was taken of the actual ratio of scattering powers of

carbon and chlorine, (chfc)/ﬁzﬂl-fpl). Celculation of preliminary

(24) Fandhook of Cheristry and Physiecs, 27th fdition, p.777, Cherdical
' Rubber Publishing Co. Clevelasnd, Chio (1943).
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theoretical intensity curves for trichloroethylene showed that the scat-
tering power of the hydrogen =tom was so small compared with that of
the other atoms that terms arising from its iunteractions could be neglected.

Since none of the remaining terms appeared to require abnormally high

terperature factors, the constants b, , were set equal to zero.

1]

D. Results for Tetrachloroethylene

The radial distribution fuanction R, calculated from the (solid)
visual curve (See Tigure 3%) shows sharp, well-resclved peaks at 1.69 P
and 4.28 & corresponding, respectively, to the bonded C-Cl distance
and the longest nou-bonded C1...01 distance in the molecule. As will
become evident in the correlation treai;ent the position of the émalk
broad peak at 1.23 R, which represents in part the small contribution‘
of the CzC term, is inconsisteat with the demands of the other, more
important terms and consequently must be regarded as evidence of errors
in the drawing of the visusl curve. Although the peaks in the neigh-
borhood of 3 g, are not well resolved, it is possible to anélyze these
unresolved peaks in terms of the threec distances and ﬁpeir relzative
. contributions expected for tetrachloroethylene modela,i,Fowever,,because
of the smzll nurber of paremeters needed to determine the configuration
of the molecule, such an analysis was not atterpted, Instead it vas
thought desirable to proceed with the correlation treatment.

Ia the correlation procedure the visual curve wes compared with
theoretical curves calculated froz.planar tetrachloroethylenevmodels in

which the syrretry D, was assured, The bonded C-Cl distence was held

<h

-~ egonstant at 1.7C X in the mod®ls A to I, inclusive, the C=zC distance

and the CzC-Cl angle were giver the values shown in the iegend.of;
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Legend for Figure 3

Electron diffraction curves for tetrachloroethylene: wisual
curve V, theoretical curves A...J, and radial distribution
funetion R, The anumbers shove éurve V and the arrows on curves
D and E refer to the measured q values in Table III. Parameters

for the curves A...J arec as follows

Yodel n-C, c-C1, 1 5-0-01
A 1.29 1.70 123°
B 1.32 1.70 123
c 1.35 1.70 123
D 1.33 1.70 122°
E 1.36 1.70 122°
F 1.39 1570 o122
e 1.39 1.70 121°
n 1.42 1.70 121°
1 1.45 1.70 121°
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Figure 3 ang plotted in Figure 4. The range of possidle models was
carefully investigated by interpolation among the calculated curves of
"igure 3. For any valuez of the 0=C~Cl angle the 0=7 distance cannot be
less than 1.29 % or greater than 1.39 & (with a constant C-Cl distance)
without producing disagfeement with the visusl curve. Similerly for a
congtant C~C1l Aistance énd for any C=C distance the C=C-Cl angle canuot
be less than 121%9 or greater than 123}°. The relation which exists |
hetween thesé two variations, and the range of acceptehble models is
indiested hy the 1llipse in Figure 4. The inter‘pola‘teﬁ model in hest
agreement with the visual curve is indicated by V. On the basis of
quantitative comparison of the curves for models E 2nd D with the visual
curve (Table IIT), the parcreters indicated for model X and the rangé of
acceptzble models (Figure 4) leaé to the following final results, to-
gether with the limits of error which we believe will be exceeded only
rarelf: C=C = 1.34 + C.05 K, €-C1 = 1.71 ¢ C.C2 3, and C:C~Cl:% 1.223°+ lo;

" These results are not in good agreement with the model choseﬁ by ‘
Brockway, Beach, and Pauling: C=0 = 1.38 X (assumed)‘, ‘G’-’»Cl = 1.73 1‘0.02 R,
and C=C~C1 z 123.75° b4 1°. a calculated intensity cﬁrve (curve J)
representing this model is shown in Figure 3. It w1l be observed that
this model lies outside of the range of acceptability as indicated 5y the
ellipse in Figure 4. 1In addition the overall size of the model chosen
by them is larger than ours by about 1} perceat, a discrepancy which
may be due in part to the small number,four, of quantitative comparisons
from which they derived their finel model,

E. Results for Trichlorcethylene

The radisl distribution curve calculated from the (solid) visual
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Table III

Tetrachloroethylene

odel E
Yax. g obs. q calcd. g calcd./q obs. q caled. gq calcd./q obs.
4,96 5.3 (1.069) 5.3 (1.C59)
1 7.57
5 g.58 9.0 - 9.1 -
12.2¢ 11.¢ (C.958) 11.9 (0.968)
3 15.39 15.3 0.994 15.3 c.994
18.45 19.C 1.03C 19,2 1.C41
4 20.31 20.5 1.014 20,6 1.C19
22.34 2l.5 0.962 1.6 0.967
5 24,08 24.8 1.030 24.8 1.C30
26,56 27.1 1.C20 7.2 1,024
5 29,13 2£.8 0.98¢ 8.7 C.985
31.52 31.7 1.0058 31.7 1.006
7 34,04 33.8 0.,993 34,3 1.c08
38.C2 35,7 0.991 35.58 0.594
2 38,72 32.5 0.3597 38.8 1.CC2
41.30 £1.8 l1.c12 4243 1.024
9 43.29 £3.9 1.C14 43,8 1.012
45.15 44,7 C.S9C 44,7 0.990
1C 47.87 47,7 C.596 43,1 1.CC5
49,79 49,5 0.994 5C.3 1.01C
11 5342 5Z.1 0.9%4 S22 0.9¢¢
54,41 55.1 1.013 55.2 1.C15
12 57.45 57.9 1.008 S58.2 1.C12
89.85 50.8 G.a00 8g.Q 0.92¢¢
13 5243% 62.5 1.004 §2.8 1.007
Average . 1.00C2 ‘ - 1.C007
Averzge deviation (0.ClZ 0.C1z2

Salues in parentheses were ovitted ia the calculation of

the averace and average deviztion.



curve for trichlorocethvlene is shown in Figﬁre 5. The firgt significant
peak, at 1,36 1?1, represents the Cz0 term. The sharp peak at 1.72 L is
due to the bondcd 0-C1 term, while the isolated gharp pesk at 4,33 Lie
due to the longest nou-honded Cl...Cl term. The group of peaks ia the
neighborhoosd of 3 bt represent the other interatomic distences ia the
woleculs (ignoriag hydrogen terms). The highest portion (et 2.70 3)7
represents the C...01l terms, while the shoulder at about 2.95 R and the
nearly resolved pesk at 3.12 L are due 4o the rengizing 21...01 teras,

A series of theoretical intensity curves based on the model suggested
by the radial distribution function was thea calculated. These curves
(not showm) and also those in Figure 5 were calculated on the assumptions
that the molecule was planar, that the bouded C-Cl distances were equal,
and that the C1-C-Cl angle was bisected by the C-C bond extended; the
two C=C-Cl angles (in the 001, and CFCL groups, resgectively) were not
assumed necessarily to be equal. TFrom these preliminary theoretical
intensity curves the curve giving best qualitative agreemeat with the
visual curve was selected (curﬁé A, Figure 5).7 Becaus§ four parémeters
were involved in the structural determination; a syste@atic study of all
their possible variations :ith_respect‘t$fone another was a0t attempted.
Tnstead, a series of theorstical intensitv curves was calculated iﬁ which
each parareter (except the overall size parzumeter) was varied seperately
from its value ia model A. The resulting curves (P to G iaclusive) are
shown in Figure 53 the parameter values selected for their calculatioﬁ are
shown in the legend, Variation.of the C=C-Cl angle (3012 groug) by # 1°
(models B and ¢} variation of the C=C-Cl angle (CFCl group) by 3vlo (models’

D and E), and variation of the 0=C distance by % OQC&K(models F and G} ‘all
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Legend for Figure 5

Electron diffraction curves for trichloroethylene: visual curve

V, theoretical intensity curves A...K, and radial distribution

function R. The numbers above curve ¥V and the arrows on curve

A refer %o the mezsured ¢ values in Table IV, Parameters for the

curves A...0 are ss follows

=G,
3
A 1.36
3 1.35
c 1.36
D 1.36
o 1.36
2 1.23
a .20
B 1.41
I 1.31
J 1.36
K 1.38

c-c1, 723-01 C-0~01
2 (0012 grecup) (CHC1 groun)
. o]
1.72 1214° 124
1.72 1223° 124°
1.72 1202° 124°
1.72 1214° 125
(o] Q
1.72 1211 123
o]
1.72 1213° 124
0
1.72 121&0 124
0 Q
1.72 1204 1:3
) o
1.72 12231 125
o) o}
1.72 12z 122
o Q

1.71 1z2 123
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lead to definits disagrecrant =
suggested Wy the rathor wide runge of scceptanrle models for ftetrachloro-
ethylenc (Migure 2}, simultaneocus variations of these par=ccters lead

to a larger pos:ihle range of acceptable wodels than do separate variatioas.

tvre of siculluneous varlatlon, a decrease

P

L

e
u

Todels 1llustratin

5

(or iacrease) of the £z7 bond distance and a decrease (or increzse) of

the C- C~01 angles, are showa by curves H and I ia Figure 5. The most
nearly satisfactory model based on equal Cz0-Cl angles is represented

(] Mo~ ﬂr’o la ek ] g 4
by curve J, for which 220 ¢ 1.25 A and T-01 + 1.72 A. Although the curve
for this model is not inacceptable, it i3 not in as good agreement with
" the visual curve as is that for Todel A.
The cusntitetive comparison of curve A with the visuzl curve is. shomm

in Tsbhle IV, The finsl results and the corrsspondiase liwmits of error,

[u]

bezsed on quantitative comparisons of curves 4,8, G, and ¥ with the visual

. o] 0
curve, are 0zC = 1,356 & C.C4 A, C~C1 = 1,72 % 0.0z 4, C=0-Cl (3012 group)
10 0 X 0
- 1211° £ 17, and  £=20-01 (THCL group) = 124° & 2°.

These parameters are in fair agreeuent with those obtaised by Brockway,
Bcach, and Pauliaz 720 = 1.38 & (assumed), 0-Cl - 1.71 # 0.03 &, 0zC-Cl
= 1227 4 27. A theorstical intensity curve calculated from this model

is shomm in ®ieure 5 (curve ¥); it is not in very good acrecnent with

t

our visuel curve, narticvlearly +ith regord to the relative ivbinsgitizs

5f +he

48]

th and Sth maxi-z.
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Part 2

The Crystal Structure of Methylammonium Chloride
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The Crystal Structure of Methylammonium Chloride

I. Introduction

Values for the carbon-nitrogen single-b(ond distance in wvarious compounds
are of interest because of the occurrence of this bond in amino aoids, proteins,
and related substances. Numerous electron diffraction studies (1) of gas
molecules have indicated the value of 1.47 8 which is oonsistent with the
table of covalent radii (2). On the other hand distances ranging from 1.39 R
to 1.42 X have recently baen reportad in simple compounds oclesaly related to
proteins (3). Incomplete results on @ -zlycylglycine suggested a value of
about 1.49 R for the Né;-CBz portion of the mclecule (4). Because of these
many different values, it was thought desirable to investigate a simple orystal
structure in which the carbon-nitrogen distance was suséeptible to accurate
determination. Methylammenium chloride was therefore chosen for this investi-
gation.

Methylammonium chloride has been reported to crystallize in the tetragonal

(1) The values cbtained for this distance in various compounds are summarized
in Table V, p. 60 .

(2) L. Fauling, The Nature of the Chemical Eond, Second Edition, p. 164,

’ Cornell University Press 1940, Ithaca, N. Y.; the value 1.465 1 is given
by the slightly modified values of the covalent radii as given by V.
Schomaker and D. P. Stevenson, J. Am. Chem. Soc., 63, 37 (1941).

(3) Cf. the values obtained from glycine, dl-alanire, and diketopiperazine,
Table V, p. b0 -

(4) The structure of this crystal has been reported by E. W. Hughes and W. J.
Moore, J. Am. Chem. Soc., 64, 2236 (1943), but no velue for the C-N dis-
tance was given; the value quoted above was obtained from a private
comnunication from Dr. Eughes.
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systen (5). A determination of the crystal structure of this compound has
been reported by Hendricks (6). The smallest unit of structure which he

found compatible with his data had the dimensions a, = 4,28 1 (obtained from
powder data) and c, = 5.13 i (obtained from spectrum data); thie unit ‘was
found on the basis of densify measurements to contain one molecule of CHZNH4Cl,.
Hendricks placed the atomic positions (7) as follows: 1" at 000, XN at ﬁz;,
and C at ﬁzz, where the most probable values of the parameters were given

as z3 = 0.24 and zz = 0.50.

When the present investigation was begun it was thought only necessary
to refine the above parameter values, but it soon became evident that the
structure proposed by Hendricks was incorrect (8). The value of a, was found
to be larger by ﬁa.nd its direction is at LU5® to that givem by him; hence

the unit cell actually contains two molecules of CHgNHaCl.
1T. The Tait Coll and Space Group

The material used for this investigation was Bastman Red Label Grade
methylamine hydrochloride. Suitable erystals were grown frcm aqueous solu-
tions by allowingv the water to evaporate slowly. A needle-«like specimen
approximately O.2»mm. in thickness and l.5~mm. in length was selected for
the single erystal photographs. Zarly expérimmts indicated that the cry-

stals were somewhat deligquescent; hence the crystal which was selected was

(5) P. Groth, Chemische Krystallographie 1, 168 (Leipzig 1906 )

(6) S. B. Hendricks, 2. Krist. 67, 106 (1928)

(7) These positions correspond to the space group P;,mm

(8) ZX~ray diffrection work in collaboration with Mr. David Shoemaker indicates
that Hendrick's structure for n-propylammonium chloride is also wrong,
and that the correct structure is probably analogous with that of methyle~
ammonium chloridee .



dipped in a mixture of paraffin wax and vaseline. This mixture not only pro=
vided a film which protected the erystal from the atmosphere but was found
guitable for attaching the erystal to a quartz fiber mounted on the goniometer
head. Because the protecting film obscured the faces of the erystal it was
necessary to orient the crys‘cé.l by trial and error by means of preliminary
oscillation photographs or lLaue photographs;

Complete sets of Cqu oscillation photographs using the multiple film
technique (9) were taken about the a axis and the ¢ (needle) axis. By means
of these photographs the unit cell was established as having the dimensions
a, = 6.04 i and ¢ = 5.05 K.; the probable error of each of these values is
about + C.0L z. These dimensions of the unit cell together with the observed
density value (6), 1.23 gm./cma., require two molecu},es of CHQNEQGTL per unit
cell. The caleoulated valne of the density is then 1.216 gm./em®. which is
in saf;isfactory agreemént with the observed.‘value.

A set of powder photographs was taken with Ct:lIGE radiation by means of
the multiple film technique (9). These photographs were successfully indexed
‘on the new unit cell. The only systematic extinction whicﬁ occurfed. on the
oscillation and powder photographs ﬁas that for hk0C when h+k is odd.

A Laue photograph in which the X~ray beam passed along the needle axis
of the crystal indicated a four fold axis and two sets of mirror planes at
LK® to each other. Another Lane photograph in which the beam passed along
the & axis indicated a.n additional mirror planewhich was perpendiculer to

the needle axis. Hence the Laue symmetry is ﬁmm.

(9) ge sznge, Robhertson, and Waodward, Proec. Roy. Sce. (lLondon) A 171, 39¢
939 :
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The Laue symmetry ﬁmm. and the existence of all general orders of hk ,

hh , and Ok , together with the extinction of hkO when h k is odd indicate (10)
7 4
that the space group is D4h P —
If for the present we omit the hydrogen atoms from the discussion we
have, with two atome of each kind in the unit cell, the following possible

point positions (10):

(a) 000 ; 330
(v) o0 ; 43
(¢) O3z ; 30z

Now the C or N atoms cennot be in (a) or (b) and still be able to form covalent
bonds; consequently we choose (c¢) with the following positions:
NH; at 03z, ; éoil
CH, et ogaz ; goiz
If we assume the ordinary values for the van der Waals radii of the atoms,
the dimensions of the unit cell place the C1 atoms in the positions (a) or
(b). The choice between these positions is arbitrary (11); we have chosen (a)s
cl at 000 ; 430 |
A consideration of the hkO intensities (See Table ITT, p. ) also requires
that the C1 atoms be in the position (a): The C1™ atoms (as well as the
CH3 and NHa- groups) give destructive interference when h k is odd and these

reflections are not observed; when h k is even those reflections for which

(10) Internetionale Tabellen zur Bestimmung von Kristallstrukturen, Gebruder
Borntregser (Berlin, 1935).

(11) The C1” atoms can also lie in (b), but this assignment. corresponds
merely to e shift of the origin by °o/2'



-37 -

(a+k)/M 1s integrel are of strong intemsity (effect of C1” and CHaNHs' adding)
and those for which (h+k)/4 is half=-integral are weak (effect of C1~ and
033NH3+ subtracting)e The structure factor for the crystal is, according

to the above point positions, given by the expressions

h+k even + +
= 2"\~ 20 4\ cos 21bzy ™ \ cos 21lzg
+ 12 b even s = Fn”)” M) omg o0 2018
Pixg = ©
- if h odd
h+k odd
=0
= if h even Amd' + - (2)
B = - Zf@H + sin 2wbzy = sin 2nlza
+ if h odd hikcé ) eﬁbHJ

. * AR 2
where FF "A'hkz + Bm.

It must be pointed out that the hydrogen atoms of a CH:;NE; group (in the
positions (¢)) cannot conform to this space group unless the group is rotating
about the C~¥ axis or unless the hydrogens are randomly orizented with respect
to rotation about this axis. A consideration of the rotation of these groups
is presented in a subsequent section.

The projections of the structure on (001), (100), and (110) are shown in

Figure 1.

L u G c1L 61 C1 c1 c1

T ¥ T X

a0 a c, £ ¢ c &

l | N i° N
CL u OL cL C1 0 01 1
' a
k__as__‘ ; k——aﬁ—;ﬂ a' = 759
(oo1) (100) (110)

Figure 1. Pro,jecti.;m of the Structure of CHzNH3Cl on Three Planes.
The 1 and 4 groups are CHaNHgt groups with the C-N axis pointed wp
and down, respectively.
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A further test of the structure, and incidentally one which distine
guishes our structure from the one proposed by Hendricks, is the pyroelectric
test (12). His structure, which has no center of symmetry, consists of
alternate layers of €1 atonms, NH; groups, and CHy groups and is therefore
strongly polar. It should therefore show a strong pyroelectric effect.

Our proposed structure has a center of symmetry (at %&o. etc.) and hence
should show no pyroelectric effect. The test was carried out as follows:
The crystal was attached to a single fiber of silk by means of a microscopiec
drop of cement. The crystal was suspended in liquid alr and then removed.
Since the eryetal then showed no tendency to be attracted to the neck of the
Dewar and since no anisotropic growth of ice crystals was observed, it wes

concluded that the pyroelectric test was negative,

II7, Determination of the Parameters

A. Preliminary Results

The intensities of the lines on the powder photographs were estimated
visually. The structure factors listed in Tg?le IV (p. 47) were then calcu=
lated from these estimates after correction for the Lorentsz aﬁd polarization
factors, and for the multiplicity factors for the occcurrence of various planes
having the same indices with various signs. The signs of the structure facw
tors were obtained from a preliminary assumption of ziy = 0.21 for NH3+ and
73 = 0.50 for CHa. These preliminary values were based on accepted inter=

atomic distances. The electron density function /9(0,§3z) was then calculated

(12) Methods for carrying out this test are deseribed by Wooster, Crystal
Pnysics, p. 223 £, (Cambridge 1938)
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from the usual Fourier expression
p(xeyst) 2 V[EE: A, oo® 2u(hx+ky+ls) « By, 5% 2u(hx+ky+ﬂbi], (3)

where V 13 the volume of the unit cell and the coefficients Ahkﬂ sud B
(Table ) hk{

are obtained from the observed structure fgctoraA. The function f(o, s%)

had mexime at 2z, = 0.205 and 12 = 0,490 but there was an additional maximum

1
(and a corresponding minimum) which had a height about 1/6 of that of the

real maxima, This residual meximum and minimum indicated poor convergence
of the function f’(o,f,z) and hence the parameters indicated by this caleu-
lation were not regarded as accurate. ‘
Complete sets of CuK, oscillation photographs using the multiple film
tochnique had already been obtnined about the g axie, [10(_)], and the o axis,

[ooI]. A Fourier projection on (100) could be obtained from the hO reflec-

tions from the a axis photographs by means of a modification of Equation(a).“
. . ol . +

This projection would resolve the CH 3

3 groups well but wuldi;;asolvo the NH
group only very poorly (See Figure 1) « In order to resolve%suitably the
NHS"’ group it is necessary to calculate the projection on (110), for which

the hhi reflections are required. Accordingly a complete set of CuK, oscil-
lation photographs using the multiple film technigue was }ta.ken about [110] .

In order to calculate the projection the hhi reflections (zero layer line) -
were reindexed on an orthorhombic unit cell with g and b axes in the plane»o{;_:
and at 45% with respect to the basal tetragonal axes., The axial lengths of the
new cell area = a J2 and b = aoﬁ; the volume of this unit is the same as

that of the tetragonal unit. Thus the hh{ reflections became h'04 reflec-
tions; the Fourier projection was calculated from the expression

F'(X'ﬂ) = %, Z Fh'O.Q cos 2M(h*'x'+{z), (4)
h'{
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where the area A' is A/ \r?.‘- (where A" 13 the area of the hOf projection),
and the sine terms have dropped out since Bhkt. = 0. Therefore Ahk!, = th& =
Aoz = Triope

Sections of the Fourier projections for the hOf and hhf reflections
were then calculated along the line x = O for the hOf data and x = % for
the hhg data. These sections gave broad peaks at the atomic positions and
also indicated poor convergence of the series. Since a reestimation of all
of the intensities gave essentially the same result it was concluded that
the difficulties were due to the absence of higher order reflectlions snd to
absorption of the Cuxm radiation. In order to obtaln the hOf and hht data
it was necessary to mount the needle axis of the crystal horizontally; hence
the incident and reflected X~ray beams for various reflections were required
to traverse widely different path lengths inside the crystsl. Thus it is
reasonable that large errors may be.introduced because of absorption of the
CuKa radiation. The hk0 data, on the other hand, were obtained with the
needle axis of the crystal in a vertical position; in general for these rew
flections the path length of the radiation through the cryétal was small and
approximately the same for all reflections. The hkO data which appear in
Table III were therefore those obtained with CuKa' radiation; no additional

photographs of this zone were taken with MDKm radiation.

B, Determination of the Parameters from the Fourier Projections

Since MoKa rediation has & much lower linear absorption coefficient than
does CuKa radiation, and simce higher order reflections would appear on the
£ilm because of the smaller wave length of MoKm radiation (0.710 3. as compared

[
with 1.54 A for Cch‘ radiation), complete sets of ogeillation photographe were
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taken about [100] and [110] using Moxa radiation filtered through a 100‘!4.

Zr filter. The multiple film technique was used for these photographs; in
order to reduce the intensity by a desirable factor, 0.00l-inch copper sheets
were interleaved between the films.

Since the needle axis of the crystal was horizontal, the effect of
absorption of the MOKG radiation was minimized by allowing the X=rays to
pass only through the reglon near one end of the crystal (13). Only tbe
reflections which passed through the small length of path at the end of the

crystal were estimated (Figure 2).

Only the reflections
on this side of the
Incident beam
Axis of oscillation_ — -

films were estimated

P

Crystal—" “Films

Figure 2. Experimental Arrangement Designed to Minimize the
Effect of Absorption

The intensities of the reflections on the zero layer lines of the (:100']

(13) Because of the hygroscopic nature of the crystal, no attempt was made
to avoid absorption difficulties by suitable modification of its shape.
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and [110] photographs were estimated with the aid of an Eastman Densitometer,
Model B. The factor by which the intensity was reduced when the reflections
pasged through one film and one copper sheet was found, by means of the
densgitometer, to be 4.0, The reflections in the density range from 0.09 to
0.6 were measured with the densitometer, and then all of the reflections
were estimated visually using the densitometered values as a basis. In the‘
densitometered range the intensity was taken proportional to the maximm
density of a reflection minus the density of the backgrounl near that reflec=
tion.

Slight differences in the intensities of the seme reflections on dife-
ferent films were attributed to variations in the intensity of the incident
beam and to the immersion of a different total volume of the crystal in the
X~ray beam for the different oscillation photographse In order to correct
for these discrepancies the estimated intensities were corrected for Lorentz
and polarization factors and the corresponding structure factors were calcu~
lated. The structure factors on each film were then compared with those
obtzined from the powder photogrephs and hence a relative ;cale was esta’blished
for thé various oscillation photographs. The adjustment of the structure
factors of a2 given zone to an absolute scale was made by the method of least
squares as described in a subsequent section.

The observed structure factors for the hOf and hhf reflections are shown
in Tables I and II, respectively. These values were used, with the signs
indicated on the calculated values, to calculate the sections of the Fourier
projections shown in Figures 3 and 1&, these sections represent f(O,z) for
the h0f zone and e' (ﬁ,z) for the hht zone, respectively. The carbon parameter,

obtained from the function f(o,z), is 0.189. The nitrogen parameter, obtained



‘Figure 3. Section of the Fourier projection fJQx,z) for x = O.

The dotted curve was obtained after subtraction of the contribution

of C1° (right side of curve),
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from the function F' (%,z). is 0.198. The nitrogen parameter can also be
estimated, with somewhat greater uncertainty, from the functilon f(o,z)
shown in Pigure 3¢ If the curve for the C1™ atom, obtained from the right
gide of the curve, is subtracted from the left side, the dotted curve is
obtained; this curve represents approximately the contribution of the NHa*
groups, The nitrogen perameter is 0,199 from thig curve. The agreement
between these two values for the nitrogen parameter is quite satisfactory.
The probable errors, :':z'1 and rzz, of the parameters z; and zz were

calculated from the hhf data and the hOf data, respectively, by means of

the following expression, which is derived in Appendix I,where the choice

. ,
r: =% 21; 2 % r;m 22 1% cos bwe zi). (5)
: ‘:-@az L :

of signs is + if htk is odd and = if htk is even. The 'v;alues of {%
were estimated from the Fourier projections. The values of Ty YeTe ob= :
tained from the residuals, Flobserved) = Flcalculated) , by the method out-
lined in Appendix I. The calculated structure factors were those labelled 1"}
in Tables I and II; the method by which thesén_quantities were calculated is
described in a subsequent section.

The probable errors of both z3 and zp were found to be + 0.C01 by this
method. A gomewhat larger probable error wae aseigned to the value of =3
obtained from the hOf projection after subtraction of the 01" atom (see
Pigure 3); this probable error was set at + 0,002,

The values of the structure factors were then calculated using the para-

meter values z3 = 0,200 and 23 = 0.490. The hydrogens were introduced into

the geattering factors of the carbon and nitrogen atoms by use of the difference
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Table 1
Structure Factors of the h0f Reflections

Observed

Calculated

ho¢

* . '
76219&682u365663285213326373199226285226122231682269

* & & s & = o

° b ® * ¢+
wuw5m5321mu1819238h11“916163&122122112311133121111

SIOHS270“9378069150317900315867&073863353322“0883”55

mmu,Nm./EthllShlonq,.zP8h01M00605350n.20220023000\%}1..&0001

|
315\4730122236101251\419008266051318987535632217)921.457.

« e s & »
amﬁ”w5w5u219hnmﬂ9228h02&006063601202200230005}130001

h0232360u78352912501“881”3750613188875356&230331%&57

4 » & & v = L]
1%”83&551195n919228“01h006m6360120220023000%3130001

92829h725897739238278919uuu6695huh1396h7352”226hu67u

>
ﬂnﬁuw3557418609ﬂ242MM 02590507550121530 Ohm.umnwn.vnuhm &&&lnwnw&

/
!

001

101

200

201

002
102
202
301

003
103
302
400
203
Lol
Lo2
303
ool4
104
501
204
4o3
502
304
005
600
105
601
503
Lok
205
602
305
5ok
603
701
006
Los
106
702
206
60k
506
505
703
800
801
Lo6
802
007
107
704
605

Limit of CuKa radiation

*
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Table II
Structure Factors of the hhg Reflections

75226u63h20279&658677&5107 77“72

2590\&:8708\&.633333&212352&21 11312

Obgerved

5611:&.33130\;..\40295280373278 35\4\4523
\u.ggh.QJvler«d.rD 1)332 352 12332 310311202

3h.97.6\492 .1.,305251669\408\4929878 930131 91 165916
17\46323235202\4\42\4 10\411202

[
1 _.h..do 96 w“/\nw AAGhA O~

Calculated

0252\4.45518\40219838.&.023831156926
599\4971 7.46 333335202\4L 231 Oh.llEOE

95396 735169113“6 5.&. 5181)99281736 7952 16uh.15829

no/_Jmuw anmm 738 526 296 090666 5352 2\4 52 3)4 3‘4.4 ol lv)..)ll l 1

001
110
111
002
112
220
221
003
222
113
330
33
223
ook
332
11b
333
o2u
Ly
Lho
115
334
LL3
550
551
006
116
335
Llh
552
226
553
LL5
007
660*
117
554 "
661
227
662

005

* Not observed because of experimental arrangement

** Limit of CuKa radiation
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Table III

Structure Factors of the hk0 Reflections

Qbgerved

Calculated

nJomﬂuo/auhqhwoJamzuCuz)duav9u1.

¢ & L4

IOON 30 W0 IO OY IO MO N
AR'S w~8Mmﬁum (=)

:Jnunvﬁw7u1*1‘oJ1¢nunu7fRJ:J9~oJ )
oov-.ooocnco

IO 0 W O ind IO 0001}362
ARyl -4 ~ —~ i

\4.5\4933829h.d°\u.3893

:JQJRVQUQJVIwmﬁu1*RJanJz;1J£uz)

nv9_nuOhtJ:JﬁuKJRJguh»z)oJQ/onJ
.
rOmwnw,QquvfrOrb.L RJnvaaqu)ro e

58 797976 58\.&. 7)1 117

59%6w 55.”».07)98 2 ?61

110
200
220
310
Loo
330
420
510
uLo
530
600
620
550
7o
640
730
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001
110
101
111
200
201
002
211
102
112
220
221
202
710
301
22
311
003
222
103
321
302
113
312
400
203
Lo
213
330
L11
322
331
L20
223
L21
Lo2
303
hy2
ook
313
332
104
114
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Table IV

Intensity Data from the Powder Photographs

Sin ©
N

0.099
.117
.129
<153
166
193
.198
210
215
.230
. 234
.54
«258
262
67
«271
. 280
«297
<307
«308
L 31)‘,’
.318
«319
«328
331
.3Lo
. 346
.350}
<351

«356

« 358

<%k

- 370

.378

. 284

.386}

« 387

.394

3%

.39

103

"4‘05

113

Obgerved*

I

780
120
1080
6920
6150
2340
130
2
2ugo
3320
1850
1710
630
270
160
5120
200
1230
190
370
200
2390
2550
1700
160
1070

370

280
240
1290
2150
2ho
1420
Lgo
3000
830

310
170

Calculated”
I

920
120
820
6580
6080
1420
780
780
220
2180
3130
1700
1730
520

120
14520
ko

1250

2o
10

2230
2380
1400

120

970
230
10
1250
2070

170
1110

740
24l
660
160
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Table IV Continued

Intensity Data from the Powder Photographs

Observed® Calculated”
hkg Sin 8 I I
A

422 1420

223 "Moo 1240 1220
510 .;-:22 330 280
501 It

in 125 } 350 100
20k 129 540 550
511 533 1400 1570

* These observed values were obtzined from photographs

made with filtered CuE radistion. Obgerved and calcuw
lated values have been corrected for lorentz - polariza-
tion factors. The calculated values of I correspond to
the values of B, in Tables I, II, and II1I, Very few
reflections were resolved for values of sin 8/) greater
than 00_433.-
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between the scattering factors for oxygen and oxida ion (10). As a first
. -B (sin 9)2

approximation the Debye-¥Waller temperature factor, € , Was assumed
to be the same for all of the atoms in the crystal. The value of B, as
determined by the least squares treatment glven below, was approximately
2.3. These ealenlated values are labelled ?1 in Tables I, II, and III.
Although the agreementvbetween the calculated and observed structure factors
- was fairly good, numerous reversals of the observed values with respect to
some of the calculated values were noted. These discrepancies were shown
not to be due to errors in the estimated values because a complete reestima=
tion of the intensities gave essentlally the same results. The reason for
the difficuldy did not become apparent until the complete projections were
celculated, the results of which are shown in Figures 5 and 6. These calcu~
lations were made using the punched card method and Intermational aninesa
Machines (14)s The series (Bquations 3 and 4) were summed at intervals of
ao/lOO and co/lzﬁ (h0t projection) and a'/50 and c°/100 (hht projection).

The small negative areas which occurred in the Fourier projections are
not shown in the figures; the lowest level of these areas is -l fog\the nog
projection (height of Cl~ peak, 770), and =l for the hhf pro;ke‘:t\i\ozll (heﬁ\fghtf
of the 2 €1~ pesk, 1117)s o

The ellipticel shape of the C1 atom is the most st ikiné observetion

G RSN

to be made on the projections shown in Figures 5 and 6. Agﬁhaugh these tWOu f
projections represent independent sets of experimental data ‘ﬁ§édppqﬂpr‘the

00f reflections), they both indicate a strong anisotropy of the temperature

(14) P. A. Shaffer, Jr., Thesis 1942, California Institute of Technology

cy
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vibration of the C1~ atom. A treatment of this anisotropy is presented in
the following section on least squares.

Another observation is the indications of the effect of the hydrogen
atoms, especially on the methyl group of the hOL projection (Figure 5).
Although the positions of the hydrogen atoms cannot be determined from these
data, it scemo reasonable ‘éha‘t the introduction of these atoms in their ap-
proximate positions in the structure would improve the agreement between fhe
observed and calculated structure factors. Accordingly, such a calculation

is also included in the section of least squares.

C. Least Squares Determination of Parameters

The parameters to be determined by the least squares trestment include
not only the distance parameters but also the temperature factors. The
general method of the least squares treatment was the szme as that used by
Dr. Hughes in the melamine paper (15). Using trial parameters for the tem-
perature factors and distance parameters approximate equations are set up

in the form

g\ z : W\
‘ e '
Thict Z ('“ ) By ¢ ("5’&"") ABJ = g P °F et (8

i
i 3 J

The primes indicate that the quantities have been evalueted from the trial
parameters., The F 18 the observed structure factor and the Azi and 4B

kk{
are the corrections being sought. The weighting factor 'ﬁki governs the

(15) E. W. Hughes, J. Am. Chem. Soc., 63, 1737 (1941)
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relative importance of the various equations of the above type for each of
the obgerved Fm's.

In the final least squares treatment the welghts were chosen by the
method previously described by Dr. Hughes (15). For this treatment Wike
was taken proportional to 1/1‘2 for ¥, > UF and proportional to

hke hke min.
1/Q16 rmin) for rhk!’ <\l ?min. This é;msm of weighing implies that the per=
centage probable error in the F's is constant for Fhkz;’ 4 Fmin.' and that
the probable error for F's below that range is constant. This can only be
considered a rough approximation which ig easy to apply in practice, but
there is some basis for this choice in the methods which were used to esti-
mate the intensities. A slightly different weighting system, which was
later discarded in favor of the above system was used in the preliminary
leact squares treatmenis; the i'esults obtained with the. two weighbing
gystems differed by an amount comparable with the probable errors of the
parameterse

The proper absolute scale was chosen before the least squarés treat-
ment was begun, and a new absolute scale was determined after each refine=-
ment of the parameter values. The scale factor, a, for a giveﬁ zone was

chosen to make the function
“hics & Free ™ Praer)

a minimum, i.e.

'
o = z “hics rh_kg Y (7)
2 et Tt

A scale factor was determined for each zone separately before each least
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squares treatment was started. It was observed that the scale factor ap=~
nroached unity as successive refinements were made in the parameters.

Although in the final least squares treatment both the temperature
factors and distance parameters were allowed to vary simultaneously,
several preliminary least sqﬁares treatmente were made for the temperature
factors using approximately those values of the parameters indicated by the
Fourier projections (z; = 0,200 and zg = O.h90). On the basis of thege pre~
liminary treatments the values of the structure factors listed in Tables I,
II, and III were calculated. The various methods of calculation are described

in the following sectionse

1. Calculation of Fl

Ag 2 first approximation all of the atoms were assumed to have the same
temperature factor & N o The least squares treatment of the hOg,
bhe, and hkO data for the temperature factor B gave the value B = 3.3; the
structure factors Fl were calculated using this value. As was pointed out
previously the general agreement between observed and celculated P's was

fairly good but some of the intensities were not in agreement even on a

relative scalee.

2, Calculation of ?2

After the complete Fourier projections had been calculated it was
obvious that the introduction of an anisctropie temperatﬁre factof for the
C1” atom together with a single temperature fector for the CEQNH§+ group

would improve considerably the agreement between the observed and calculated
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F's. The anisotropic temperature factor (16) for the C1” atom was writtem

in the same form as that used by Dr. Hughes in the melamine paper (15).

2 2
f=f, e~(B1 + By cos”¢ )(!};g) ’ (8)
where Bl and Bl + Bz are the constants for planes parallel and perpendicular,

respectively, to the direction of meximum vibration, and <f is the angle
between the normal to the reflecting plane and the direction of maximum
vibration. For our tetragonal crystal in which the direction of maximum

vibration has been taken along the ¢ axis we have the relation
12
EHEREERYY
o ]
2

: + -B- (aine
The temperature factor of the CH3NH3 group was assumed to be e 23\7% ) .

cosz<P =

A least squares treatment using these expressions and the distance

parameters 2, z 0,200 and z 0.490 gave the results:

2:

B, = 2.5, B

1 + B - 5.5, and 33 = 4,0,

1 2

The values of Fz (Tables I, II, and II1} were calculatet;.l using these para-
meter values. The agreement between observed and calcuiated F's was v
improved by this treatment. Of the small discrepancies which‘remain those
for the reflectidns 102 and 003 seem to be the greatest., It was believed

that the introduction of the hydrogen atoms in their proper positions

would reduce these discrepancies.

(16) The use of an anisotropic tanperafure factor was first described
' by L, Helmholz, J. Chem. Phys., 4, 316 (1936),
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8. Calculation of F'3

The hydrogen atoms of the GH3 3 groups, which are assumed to be
rotating about the C-N axes, were introduced by a method snggestevdbby_
Professor V. Schomaker (17). The contribution of a single atom, e.g. &

hydrogen atom, to the scattering factor msy be written as follows

- §, o2TRL _ £ 2Mhe (r, +Op)

where r is the position vector from the origin to the atom i, and Lo is
the vector to the center of the circle of radius f’:\mj. If we now aversge

"over the circle described by the fotating atom we obtain

'fihn = {'1 2™ 'L, J (u) (9)

where u = 2W§‘J b + k* , end J, (u) is the zero order Bessel function.
The contr:bu‘bion of the hydrogen atoms to the scattering facior of the
crystal were caleculated from Equat;:on (9) assuming one scattering electron
per hydrogen atom, and assuming that the Cﬁarfgroup is equivalent to C + 3H
and the NH,® group is equivalent to N + 2H. Slight deviations from these
assumptions would not produce results which are significently different.

The hydrogen atoms were assumed to be about 18 fxfom the atom to which they

are bonded; tetrahedral bond angles were assumed.

(17) Private commmication from Professor V. Schomeker, February 13, 1945,
Celculations of this sort have been described by the following anthors:
D. Coster, Verfwq, Akad, Wetenschappen Amsterdam, 28, 391 (1919); "~~~
N. H. Kolkmeyer, ibid., 28, 767 (1920); J. M. Bijvoet, Rec. trav. chim.,

42, B74 {1932)3 and J. M. Bijvoet and Jo A. A, Ket
Soc., 54, 625 (1932). . Ketelaar, J. Au. Chem,



The structure factors F.), in Tables I, II, and III were calculated
using the same temperature factors and distance parameters for Fz, but
with the hydrogens introduced according to Equation (9). Very few of the
structure factors were changed appreciably and all of these have low values
of sin €/, e.g. the 103 and 003 reflections. Because of the negligible
change of the structure factors having the higher values of sin ©/ \ it
was not considered necessary to redetermine separately the temperature

factors. The agreement between the observed structure factors and the

calculated values F3 is excellent.

L, Comparison of observed and calculated structure factors

The observed structure factors may be most easily compared with the
caleulated values, Fl‘ 3'2, or 1?3, by caleculation of the sum of sguares of
residuals. The following result was obtained, after summing over the hOZ,

hhé, and hkO data;

S 2

2_~ (Fl - B.eabs) = 208

S, -F - 50, wl
2

Z(l‘} - robs) = W,

where, in these calculations, the weighting factors were omitted. Thus
considerable improvement was obtained by introduction of the anisotropic
temperature factor. Introduction of the hydrogens in approximately their
proper positions instead of by the oxygen minus oxide ion correction pros
duced o less striking but significant improvement in the agreement between
the observed and calculated F's. The order in which these two improvements

was carried out probably has little effect on the sum of squares of residuals
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because the hydrogens are iuportant only at the smaller values of sin 0/ A

while the anlsotroplc temperature factor 1s lmportant chiefly at the hlgher

values of sin €/ M.

5. TFinal least squares treatment
A final least squares treatment in which the distance parameters and
temperature factors were 2llowed to vary simultaneously was carried out

using the trial parameters

By = 2.5,
B]_ + Ba = 5.5 )
33::: )4-.0 ]

0.200 , end

3]
)
[}

L

0.490,

%22

The calculated values F3 were used in this treatment; the following final

values were obtained by the least squares method !

By = 2.3,
By + B3 = 5.k,
Bg = 4.3,
z3 = 0.198, and
zp = 0,485,

The differences between the trial parameters and these final least squares

'
parameters are due in part to interactlon of the Azi s and QBJ'S and in part
to the slight difference in the weighting systems used in the preliminary

and final least squares treatments.
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6. Probable errors of the distance parameters which were determined
by the least squares method

The probable errors of the parameters zj and zz were determined from
the least squares data by the method outlined in Appendix I. The values

which were obtained were rzi =$0.002andr =+# 0.00L,

D, PFinal Values of the Parameters; Calculation of Fh
The values of the distance parameters which were obtained by the two

methods are summarized in the following tabulation?

Fourier Method Least Squares Method

zy = 0.198 + 0.001 (hhe proj.) z3 = 0.198 + 0.002
z3 = 0.199 + 0,002 (402 proj.)
z3 = 0.489 + 0.001 (nOL proj.) za = 0.485 + 0.00k4

The value of zz = 0.U85 obtained from the least squares treatment may
well be in error because of an inadequate treatment of the temperature
factors for the CH3 and Nﬂé+ groups; indeed the hhg projection (Pigure 6)
suggests that the CHz group has an anisotropy in its temperature vibration.

A treatment of this effect by the method of least squares was not carried

out, however. Because of the possibility of interference of this tempera=
ture anisotropy with the parameter determination and because of the relatively
large probable error in zz as calculated by the least squares method, somewhat
less significance was attached to this value of zgz.

From the determinations listed in the preceeding tabulation the fol~

lowing final values of the parameters were obtained:
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¢
%, = 0.198 + 0,001 NH3 parameter
5, = 0.488 ¢ 0.001 CH, perameter
B = a.a}
By + B, = 5.4 Cl atom
ay t
B3 =z 4.3 : GH3NH3 group

The calculated structure factors, F4, in Tebles I, II, and 1II, and the

calculated intensities in Table IV (I s where m is the multipli-~

2
nk = ™ hi
city factor) were obtained with the use of these final values of the

parameters,
IV. Discussion of the Results

A, Interatomic Distances
From the final values of the parameters and the unit cell dimensions

(ao = 6,04 R and ¢ 5.05 3) the following interatomic distances were

o =
caleulated to the nearest 0.005 &

C — N

1.465 + 0,01 £,

C ves C1 = 3.900 # 0,005 &,

G vee GL

3.975 % 0,005 § | ad

N oe. G = 3.180 0,005 %,

i

It is thus very unlikely that the Cw'Ndistance is in error by more than t 0.03.2,
or that the other distances are wrong by more them % 0,015 £,
The predicted value of the C - N distance (2) is 1.47 R 1f we ignore the

formal charge correction, or 1.44 £ if we take 1t into account. If we
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congider the ionic radius (18) for €1 (1.81 £), the van der Waals radius
for the methyl group (2.0 8), and the ionie radiue for the xm; ion (1.4 3.)
corrected for the effect of change of coordination number (19) we calculate
the non-bonded distances C...Cl” = 3,8 &, and ¥ ... €17 z 3.2 8. Thus the
observed values are in satisfactory egreement with those predicted on the _
basis of previous structural determinetions in other compounds. The forma.l_
charge of the NH; group does not seem to shorten the C - N bond appreciably
below the normal ecovalent value of 1.47 X.

B. Partial Summary of Carbon-Nitrogen “Single-Bond" Distances

A partial summery of earbon-nitrogen single-bond distances obtained
in the most recent available X-ray end electron diffraction studies of

various compounds is shown in Table V,

(18) Reference (2), pp. 352 and 189, :

(19) The NH * .., C1  distance found in "low" NH,Cl (3.35 %) by R. J.
Havighﬁrs‘b, E. Mack, Jr., and F. C. Blake, g. An. Cheam. Soc., 46,
2368 (1924) yields an ionic radius of 1.54 X for NHg' when the ionic’
radius for C1 is subtracted. This value mey be corrected for change
of coordination number from ed.ght‘tﬁ four (Reference (2), p, 368) to
give the NH, " ionic redius of 1.41 A, '
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Table V

Values of the Carbon-Nitrogen Single-Bond Distance in Various Compounds

X-Ray Investigations

Dislence in g. Compound
1,465 Methylammonium chloride (20)
1.49 Gerenylamine hydrochloride (21)
1.45 Hexemethylenetetramine (14)
1.42 dl-Alanine (22)
1.39 Glycine (23)
1l.41 Diketopiperazine (24)
1.48 Tetramethylammonium chloride (25)

Electron Diffraction Investigations

Digtance in 3. Compound
1.48 Hexamethylenetetramine (14)
1.44 Methyl isocyanide (26)
1.49 : Trimethylamine oxide (27)
1.47 Dimethylchloroamine (28)
1.47 , Tetranitromethane (29)
1.46 Dimethylemine (30)
1.53 Borinetrimethylammine (31)
1.47 Methyl azide (32)
1.47 Trimethylamine (33)

1.46 Nitromethane (34)
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(20) This determination. ,

(21) G. A. Jeffrey, Proc. Roy. So‘c.. A 183, 388 (1945); L. Batemen and
@ A. Jeffrey, Nature, 152, W46 (1945).

(22) H. A. Levy snd R. B. Corey, J.Am. Chem. Soc., £3, 2095 (1941).

(23) G. A. Albrecht smd R. B. Corey, ibid., £, 1087 (1939).

(24) R. B. Corey, ibid., £0, 1598 (1938).

(25) L. Vogard and K. Solleenee, Fhil. Mag., Y4, 985 (1927, VII).

(26) L. Pauling snd W. Gordy, J. Am. Chem. Soc., &4, 2952 (1942).

(27) R. E. Rundle, Fh.D. Thesis, California Institute of Technology (1939).

(28) D. P. Stevenson and V. Schomeker, J. Am. Chem. Soc., 62, 1913 (1940).

(29) A. J. Stosick, Pn.D. Thesis, California Institute of Technology (1939).

(30) s. H. fsauar, J. Am. Chem. Soce, £0, 524 (1938).

(31) S. H. Bamer, idid., 59, 1804 (1937).

(32) L. Peuling and I. O. Brockway, ibide, 59, 13 (1937).

(33) L. O. Brockwsy and H. O. Jenkins, ibid., 5%, 2036‘(1?36).

(34) L. Pauling end L. O. Broék.vay, ivid., 59, 13 (1937).



Appendix I

Calculation of the Probably Errors in Parameter Values

Methods for the calculation of probeble errors of parameter values
obtained bj the least squares method and by the Fourier method are outlined
in the following sections. These methods were compiled, for the most part,
from private connumications received from Dr. Hughes; they are presented here
because some of the final expressions were used in thﬁ preceeding peges, and

because not all of the results have been published in the literature.

A. Probsble Error of a Parameter Determined by the Least Squares
Method

We define the following quantitiés:
w = weight,

v 2 residual : observed value -~ most probably value: v = F 2leF
hk obs  ealc.,

number of observations,

-]
"

qQ s number of variables,

mean error,

8 = average deviation, and

r = probable error.

When these quantities refer to a particular structure factor we shall use
the subscript hk ; when théy refer to a parameter we shall use the subscript
zly 22' ete,

Now the mean error and the probable error may be calculated as follows (34)

(34) Whittaker and Robinson, "Calculus of Observation®, Chapter IX, Blackie
and Son, London 1929
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a =
n"q ’ Jnn-q) .

1= \/>§E:whkz vgkz and jzj,‘hkz, v Ynicg

For a normsl distribution of errors we may calculate the probable errors

from either of these quantities as follows
r= (0.6745) v, or r = (0.8453) a.d .

and for a large number of observations the values of r calculated by these
two methods will agree closely if the errors folleow a normel distribution.
In the final least squares determination the values of r found by the two
methods outlined above were 0.395 and 0.397, respectively.

The probable error of the i th parzmeter may then be calculated from

the equation

T ; /R .
rz; = ‘(;;: , where w21 = D/hi{ ;

D is the determinant of the normal egquations in the least squares treatment,

and 4,, is the ii th minor of the determinant (15).

B. Probable Error of a Parameter obtained by the Fourier method
From the value of r as calculated from the residuals Vs and weights

Wk by the methods outlined in the previous section we may find the probable

error of a given Fhkt from the equation

T

—
=

hicg

S
}) Yhiet

Now in general the parameter z, is a function of the F 'e; hence we find

i hke



a chenge in 2z

whhe

is related to a change in the F. Z's by the expression

1 hik
Czi
Az=§ - S
174Gy Oy, bk .

If we take the average and convert to probable errors we find

2 E (°21 )2 22
z, oF hke *
i it hikt

Hence in order to find T, from rhkz we need only know the values of

oz

i

_1 ; these values are calculated in the following way?

aBhkz

The general expression for the electron density function is

F(X,B’a Z) =

ilf (,% Ay cOS 2Tr.(hx*k:v+zz) +B., sin'ZW(hx*ky*-Lz):l .

Now at the coordinates of the i th atom we have

) ¢} o]
x=xisY=Yi,Z=zi, 3&:#:—0—5;—,0 .

d i
The expression obtained from&sg = 0 is of interest for our case; it is

>

hk?

If we differentiate this expresslon with respect to some F, say F

find, after

bzi

'ﬁ;'k‘z‘

[%kz sin ZTT(hxi + ky, + zzi) = By, cos 2T (hxi + ky, + zz{)J

AR

solving for

J
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» )

= 2R sin Eﬂ'(h‘xi + kfy, + L‘zi) %M

ke g0 Fi(ﬁ_ﬁ] hixt gl
oz*

i
bnh'k‘t'

- cos Zn(h'xi + Ky, + t‘zi
h'k'f;‘ .

This expressinn may be subgtituted back inte our equatisn for probadble errors;

we £ind, after dropping primes, that

Ly 2
L3 . [EI%UI E 23 52, [sin 27 (hxelyats,) % - cos 2Tlnxsiyess) %ﬁ]
i bkt

%

The remaining partial derivatives are especially simple for sur cbmpound; we

have
. b
for b + k even nhuao,a;:’;:sl,m.
for h + k odd Ahuao,-;ﬁ-—-wal.
hict

These give, for the prebable error of a para_géter %, in our crystal,

'2“3:-‘} % Lr [1""""’ Wy *"Vz*"s.]
dz?

where we chnos_a-ifhvl-kia even and + if h + k ia odd.
The welghting factors w,,, are, of course, assumed to allow for the
possible errors due tn abserption and extinction in addition to the relative

ease in estimatinn of the intensities. Additional factors which must be



considered in the assignment of a probable error from the Fourier projection
are the possibility of errors in éign of some of the structure factors, and
the effect of the structure factors which are missing from the calculation
either because the corresponding intensities were too small or because their

values of (sin 0)/ A were so large thet these reflections did not appear én

the filmse.
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Zlectron diffraction studies of vanadium tetrzchleride, dimethyl-
ketene dimer, tetrachloroethvlene, and trichloroethviene have been com=
pleted, Vanadium tetrachloride has the regular tetrahedral structure
with the bond digtance V-dl = R.02 t 0.C3 R. Tor dimcthylketene dimer

, s
the Z,28,4,4=-tetramethyleyclobutadione~1,3 structure is confirzed, a notableh
feature of which is the lzrge temperature factor that must be aseribed to

the distznces greaster than 3 3. Reiavestigation of twe of the six chloro-

ethylenes by the electron diffraction method gave the following perameters:

bt

tetrachloroethylene, C=zC = 1,24 + 0.CS g, G=Cl = 1.71 4 C.02 3, and CzC=-C1

(&)

= 12”é° + 1%; trichloroethylene, 5=C = 1.36 i 0.04 8, 0-01 - 1.72 £ 0,02 A,
0=3-C1 (CC1_ group) = 1213° + 1%, and €=C-C1 (CECL grour) z 123° ¢ 2°.
The erystal structure of methylammonium chleride hag been determined.
The unit cell was found to be tetragonal with the dimensions ao - 6.04 3
and ¢, = S.C5 K; this cell contaias ﬁw molscules of CV “"3“’ The spacs
srovp was found to be ﬁzh - F % mm; the 01 atoms ars »aced CCC and 30,
the M atoms at Oz, and $0z;, and the C ators at Cézz exd gbgz.

The 2z paren encters of the carhon and nit ogev aboms were determined by the
methods of Tourier projection and least scuares. The values vhich —ere
found were 2y = 0.198 4 C.COL and z,
digtonce was found *o be 1. 164 £ 0.C17

28 & C.CCL. The cerbon-nitrogen

=O¢
Q
A.
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Propositions

1. As an aid in the identification of alcohols in dilute agueous
solutions, the 3-5 dinitrobenzoates can conveniently be prepared by
addition of a benzene solution of 3~5 dinitrobenzoyl chloride to a

strongly alkaline aqueous solution of the alcohol (1).

2. The mode of vibration of 2,2,4,4-tetramethyleyclobutedione
responsible for the anomalously large atom polarization is probably
not predominantly that proposed by Coop and Sutton (2) but rather
the onse described approximately by an out of plane (of the four-
membered ring) vibration of the C=0 groups and & similar but

N
opposite motion of the /G(CH3)2 groups (3).

3. Comparison of the relative intensities of two X-ray reflections
by means of the multiple film technique éan lead to errors if due
regard is not exercised for the apparent change in relative intensity
by change of the order of superpoeition of the two films. This
phenomenon is ettributed primarily to multiple scattering of light

by the backgrounds of the two films.

4. VWhen the absolute scale of observed and calculated structure
factors is not known, a more satisfactory scale factor'than that
ordinarily used is “‘Z'hkﬂ Fpko Fhike /2 Ve Fﬁu where X multiplies
the observed structure factor Fpys sWhky is a weighting factor, and

Fﬁkg is the calculated structure factor.

- o I A . . B R I R . . I I I )

(1) W.N. Lipscomb and R.H, Baker, J. Am. Chem. Soc., 64, 179 (1942).
(2) T.E. Coop and L.E. Sutton, J. Chem. Soc., 1269 (1938).
(3) Thesis, p. 9 .



5. Plots ( A vs. VC) of the conductance data reported (4) for
M , HFy salts having the assumed positive ions H36 ’ CH30H;, CzHSOHg,
and nrcquoﬁg in HF( 1 ) result in curves having anomalously high
limiting slopes (fi= 0.94 to 0.74) as compered with curves for the
positive ions Ag+ and K* ((5= 0.54). A possible explanation of this
anomaly is that these ions really exist partly or completely as

++ ++ '
Hg0 , CH0H, , etc. in HF( Q).

6. (a) The viscosity of HF( {) at ~15°C. can be calculated
from the conductance data (4) and the dielectric constant data (5)
by means of the Debye~Huckel~Onsager egquation. The result, 0.0057 poise,
may deviate from the mciual value if the conductance of the HFE ion
proceeds in pert by a chain mechanism. This deviation may be discussed
initerms of that which occurs in a similar calculation of the viscosity

of water from the conductance data for acids or bases.

(b) Experimental determinations of the viscosities of

HF( { ) at various temperatures are desirable.

7. (8) It seems very probable that the highly polar crystal
structures assigned (6) to methylammonium bromide and icdide and
to n-propylammonium chloride, bromide, and iodide are incorrect.

+

Actually the CHgNH, or CHsCHZ(,'HzNH;— groups probably have their polar
axes aligned in opposite directions in the structures rather than in
the seme direction, with the result that these structures are centro~
gymmetric.
(4) Fredenhagen and Cedenbach, Zeits. f. Phys. Chem., 146, 257 (1930).

(5) Fredemhagen and Dahmlos, Zeits. f. Anorg. u. Allgemeine Chemie,
178, 272 (1929).

(6) S.B. Hemdricks, z, Krist,, 67,106,465 (1929).
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(b) By ervstallization of methylammonium chloride (or the
n-propylammonium halides) in the presence of a stirong electiric
field it may be possible to prepare crystels having the highly polar

structures described “y Hendricks (6).

8. The possibility of separating mixtures of organic or in-
organic e¢rystals which have different dielectric constants by
application of a non~uniform field to a suspension of them in =
liquid with intermediate dielectric constant should be considered

2s an available laboratory technique (7).
9. Confidential.
10, Confidential.

11. (a) Research and study at the Institute have been unnecessarily
hempered by the present pclicy of not heating the buildings on week-
ends.

(v) Manure should not be used as a fertilizer on ground

adjacent to the Campus Coffee Shop.

W G W e e T Sh R W M B WM W W O E W W W W e W W S W W™ @ @m W W e > -

(7) G.L. Rosenholtz and D.T. Smith, American Mineralogist,
21, 115 (1936).
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