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Abstract

The electron diffraction investigation of the following

compounds has been carried out: sulfur, sulfur nitride, realgar,

n

arsenic trisulfide, spiropentane, dimethylirisulfide, cis and tra:
lowisite, methylal, and ethylene glvecol,

The crystal structures of the following s=lte have heen
deternined by xe-ray dilffractions silver molybdateand hydrazinium
dichloride,

Suggested revisions of the covalent radii for B, 2i, P,
Ge, As, Sny, 3b, and Pb have been made, and values f'or the covalent
radii of A, Ga, Iny Ti, =nd Bi have been proposed,

The Gchomaker- tevenson revision of the additivity rule
for single covalent bond distances has been used in conjunction with
the rovised radii. Agreement with experiment is in general better
with the revised radii than with the former radili and additivity.

The principle of ionic bond character in addition to that
present in a nornal covalent bond has been arpiied to the observed
structures of numerous nolecules. It leads to a method of interpretation
which is at least as consistent ae the theory of multiple bond formation.

The revision of the additivity rule‘has been extended to
double bonds. An encouraging begimming along these lines hoe been

made, but additione2l experimental date are needed for clarificatione



I. 1Ionic and Covalent Radii, and Their Application to the

Discussion of Interatomic Distances in Molecules and Crystals.

Introductionf- The concept of atoms as esgentially rigid
spheres probably originated concurrently with the concept of stoms
themselves. It was not possible to apply this concept to the problems
of chemistry until the modern methods of structural investigation were
developed, although it is evident, for example from the work of Barlowl,
that the now familiar way of representing erystals was not unknown %o
early investigators. Thq great activity in the x-ray field which
followed the dincovery in 1912 of interference phenomena in crystals
and its application to structure determination by the Braggs resulted
in the accumulation of a large amount of data concerning interatomic
digtances in numerous crystals. That it should have been possible to
introduce some sort of logical explanation to the observed distances was
recognized by most of the workers in the field, for example Landéa. who
derived a set of atomic radii for the alkall metals and the halogens on
the assumption that in the lithium halides the anions were contiguous,
but it was not until 1920, when W. L. Bragg analyzed the available dataB.
that a systematic attempt was made to correlate interatomic distances in
crystale by assigning values to the radii of the various atoms. This work
by Bragg was wholly empirical in its approach and he found that he could
not satisfactorily relate the guantities he obtained to the modern develop-
ments of the theory of valence which had been proposed some years pre-
viously by Lewisu. The starting point used by Bragg was the carbon-carbon

distance in diamond and the sulfur~sulfur distance in pyrite. Since these




values were next used in interpreting the distances in the alkali
halides and the alkaline earth oxides, halides, and sulfides, the
discrepancies which exist between Brags's radii and those now commonly
accepted arose mainly from the fact that no distinetion vas then made
between the three general extreme types of chemical bonds. Bragz was
awvare however that asome such difficulty existed, for he stated that:
Hgodium, for inastance, has been given a diameter much larger than that
of chlorine, yet it will be seen that there is every reason for suppeosing
that the group of electrons surrounding the sodium nucleus in sodium
chloride has smaller dimensions than that surrounding the chlorine nucleus
in the same crystal.“3

Becauge of thelir relative aimpliciﬁy. the alkkali halides were
generally chosen for subsequant discussions of the properties of crystals
which involved the radii of the constituent ions. In 1920 Fajans and
Herz!elds developed a theory which connected the potential energy of the
crystal and the sizes of the ions; thelr theory gave the correct values
for the compressibilities, but the radii they obtained in this way were
not coneistent with the distances in other types of crystals. Grimm6
in 1921 modified and extended the work of Fajans and Herzfeld, and obtained
& get of ionic radii by consideration of the molecular volumes of isc-
morphous compounds and various other physical properties. Both of the
above discussions were based on the cubical model of the atom, now considered
unsatisfactory.

Additional examples of the methods which were used are found in the
work of Eve7. Sahaa. and Richardsg. S8aha explained, on the basis of the

0ld quantum theory, a relation pointed ocut by Eve which stated that the



product of the ioniration potential and the atomic radius is constant.
The radii caleulated by the Saha formula are considerably in error.
Richards calculated the radii of the atoms in the alkali halides, making
use of compressibility data. He tcoo based his interpretation of the data
on the cubical atom, and moreover did not consider the change in bond
type which occurs in the reaction of the free elements to form salts.

A considerably more accurate set of radii was then given by
Hhsautdarnalo who had done a large amount of work on ionic refractivity;
on certain theoretical grounds he related refraction egquivalents to ionic
volumes and hence ionic radii. These vzlues are perhaps more significant
than those mentioned above because Wasastjerna vas interested primarily
in the prediction of interatomic distances in crystals, comparing his
valuesg with those observed in wvarious substances. The values of Vasastjerna
were then refined by Goldschmidtll who also determined, from theavailable
x-ray data, empirical values for a large number of additional radii.

In splte of the great amount of effort expended on this subjeect
in the years 1920 to 1926. only a part of which has been referred to above,
no completely satisfactory set of radii for use in interpreting eorystal
structure data was formulated, for the simple reason that even in the
simplest s&lts, the alkalil halides, the interatomic distances do not
satisfy the criterion of additivity which had been tacitly aseumed in all
of the foregoing. Another, and probably more 1mportaht reason for this
failure was thé underlying principle used by most of the investigators,
viz., the derivation of atomie radii from one particular property of the
crystals under examination,. @huu.‘Bragg made use of x-ray data, Fajans

and Herzfeld, potential energy relationships, Saha, ionization potentials,



Wasagtjerna, mole refractions, and so on. A far more logical procedure

is to assign radii which, with sound theoretical refinements, will account
satisfactorily for all of the observed properties of the crystals. Although
this method is difficult if not impossible in practice, a practieal approach
to 1t is capable of being oarried cut. Thls was done by Paulings

1927.

in

The experimental basis of Pauling's radii is the cbserved inter-

atomic distances in the five crystals, NaF, KCl, RbBr, Csl, and 1Li,0.

From these were calculated, by the use of theoretical screening constants

and coulomb repulsive coefficients, a set of erystal radii. Suitable con-
siderations allow these radii to be used in the different types of structures
involving varying environmente of the ions., Agreement between observed and
calculated interatomic digtances and other gquantities ig in general very
goodlj.

The cognizance that the radius of an atom is dependent on the type
of bonding was more or less gradusl during this period. Since most of the
data which were being examined were obtained from the regults of x-ray
examination of ionic crystals, little or no difficulties were encountered.
Some radii for use in predicting covalent bond distances were given in 1926
by Hugginnln. although Hugging himgelf applied these radii to the iomic
fluorite-type crystals also. The stipulation that ionic radii ghonid be

11 .0t by Pauling'Z.

used only for ionic bonds was made by Goldschmidt
By 1934 sufficient additional data had been obtained to allow Pauling and
Hugginsls to set up a table of covalent radii for use in predicting the
lengthg of single and multiple bonds between atoms in various covalent

configurations, nsmely, tetrahedral, sgquare, and octahedral.




The Pauling-Huggine table, as corrected in 1937 by Pauling and
Brockwayl6 has been widely used in the 1nterpratatiqn of experimental
valuss of interatomic distances, by the applicatioﬁj;he regonance prineciple,
double bond character, and so forth., It is perhsps unfortunate that in
general the discussions of the bond type in a molecule were usually based
upon but one experimental quantity, the interatomic distance. The explana=-
tion. of anomalous distances in & wide variety of compounds was nevertheless
based on the deviations from the distances predicted by the Pauling=-Hugging
radil, which were considered& to give the normal distances.

in the majority of cases in which anomalously short distances
have besen observed the discussion rested upon the contribution to the normal
state of the moliecule of structures involving multiple bonds. Thus, in the
fluorinated methanes and the chlorinated silanes the structures

-

F €l

1] _ + I: +
a0 ¥ 0l = 81 = Q1
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by Cl

and many others similar to these were suggested. It was then possible to
explain the trends observed in such series as G?xclh_x. Siﬁxclu_x. Nost
of the discussions, exemplified by the work of Brockway and coworkers in
the period following the publication of the Pauling-Huggine radii, made
uge of this explanation. An alternative sugeestion, that of significant
ionic character of the bonds, was considered as being of only secondary
importance by these workers.

Although most of the experimental data could be discussed on a
congistent basis by the application of the above principle, there remained
a major defect in the Pauling-Huggine table, ite inability to predict

accurately the lengths of bonds between the very electronegative atoms,




¥, 0, H, and Cl, as illustrated in Table 1,

Table 1

bond compound obs. distance® calec., distance
-0 FHO, 1.k2 1.30

0F, 1. 1.30
F-F : 1.45 1,28
0-0 Ha0g 1.47 1.32
H=0 CH;0NH, 1.43 1.36
N=-C1 (CHg)gWOL  1.77 1.69
C1-0 €150 1.68 1.65

®The units of distance are £ in this and all subsequent tables.

The suggestion that the radii are in error and that agreemeat
could be achieved with revised radii might be proferred, but thies view
is scarcely tenable since the data indicate that often, even in the

simplest cases, the additivity rule is not obeyed. For example:
4F-F(in fluorine) + #0-C(in diamond) = 1,49
40-C + #0-0(in hydrogen peroxide) = 1,50

401-01(in chlorine) + 48i-Si(in silicon) = 2,16
whereas the observed values of 0=F, 0-0, and 8i-0l1 in methyl fluoride,
methylal, and chlorosilane are 1,36, 1,43, and 2.06 respectively. This
state of affairs need not surprise us, since an analogous situation was
found to prevall in the case of the distances in ionic cerystals. It might
therefore be expected that suitable refinements of a similar nature might

bring about a satisfactory basis for discussion of the distances in




molecules also.

Many of these discrepancies were removed by the suggestion of
Schomaker and Stevenson'lthat the additivity rule be replaced by the
relation ‘

T, = T, f Ty - 0.09 | x, - 33] .
where x, ie the electronegativity and Ty the radius of the atom A, The
final term corrects for the extra ionic character of the bond A-B.
Simultaneously, Schomaker and Stevenson gave revised values for the radii
of ¥, 0, and H, It thue appears that the agreement obtained by the use
of the former radii and the additivity rule was largely fortuitous in the
case of bonds (other than those in Table 1) involving these three elements,
especially since Paullng and Huggins used the lmaporopriate value of Gale
and Monle for the fluorine-fluorine distance in fluorine.

In 1944 Skinner and Suttonls pointed out that a straightforward
explanation of the swmnll but progressive contraction which occurs in the
bond lengths when more halogens are added %o the central atom in the halides
of the fourth and fifth group elements is difficult in terms of either bond
multiplicity, as was done by Brockway, or ionic character of bonds. They
concluded that, contrary to the previous prevalent opinion, the latter
effect was the more important, since the multiple bhond theory leads in
some cases to direct contradiction with experiment.

Since the notion of ionie character is going to be more fully
explored in subsequent sections of this Thesis, it is perhaps important
to give in full one of the points raised by Skinner and Sutton: "In its
original simple form, the theory [of multiple bond formation} took no

account of the effects of charge dietribution to which this process would



give rigse. Bach coordinate link [double bond:] from a halogen atom to
the central atom increanses the negative charge on the latter [see above
gtructures ] o How if the formation of these multiple bonds by each
halogen were to be more favoured the more halogen atoms there are, this
would mesn that the more negative charge the central atom has, the more
it wants. The exact oppoeite would, however, be expected."

Skinner and Sutton did not favor the Schomaker-Stevenson revislon
of the additivity rule. In fact, they did not attempt a discussion of
absolute bond distances, being interested malnly in the changes which are
observed in series of the type Sn(GHa)101h_x.

Hany of the distances calculated by the Schomaker-Stevenson
relation are still discrepant. In the following sections we shall attempt
to remove these dlscrepancies by a logical extension of the application of
their relation. It is found that this procedure necessitates the revision

of additional of the covalent radii, as will be seen.




A, Revigions of Oovalent Eadii and the Ionic Character

of Single Covalent Bonds

The values of Pauling and Huggins (PH) for the single bond
covalent radii were taken from the interatomic dietances in the elementury
substances, with the exception of derived radii for ¥, O, and ¥. The
revisged values of Schomaker and Stevenson (S8) were obtained from inter-
atomic distance determinations of NgH,, Hp0g, and ¥z, 1f, as seems
likely, the equation of Schomaker and Stevenson is significant, then
further revisions in the table must be made.

Let us calculate a set of single bond radii on the basie of the
Schomaker-Stevenson relation, using the experimental interatomic distances
in the compounds H(Gﬂa)n; the radii for the four halogens however will be
taken as half the separation in the gaseous elements. The resulis of these
caleulations are presented in Table 2, together with the two previous sets
of radii for comparison. The electronegativities in the compilation of

Gordylg were used in the calculantions.




Table 2

Covalent Hadii for Atoms

H
0.36
<30
<37
3 c E . o . r
0.85 0.77 0.7} 0.73 0.72
-83 07? 0?0 066 06)4
77 .74 o Th 72
Al 81 P S 61
1.33 1.19 1,14 1,04 0.99
1.17 1-10 1.0""’ '99
: 0y 4 1.10 1.04 .99
Ga b Ge As Se » Br
1,78 1.28 1.26 3.37 1.14
1.22 1.22 1.17 1.14
l.22 1.21 1:17 1.14
in Sn sh b T » I
1.49 1.lg 1.45 1.37 1.33
1.40 1.41 1.37 1.33
1.40 1.41 1.37 1.33
71 Pb Bi
1.61%  1.61 1.58°
1.46

The upper values mre the radil as reviged in this work; in
many cases no revision was reguired. The second valuee are the Pauling-

Buggins radil, the third values the Schomaker-Stevenson radii.

%7he revision of Ty from the original Schomaker-Stevenson walue

of 0.74 was suggested by Giguere and Schonakerao.

bHo determination of interatomic distances in the methyl derivatives
of these elements has been reported. The radii given were obtained
from other compounds, the correcticns from the older radii being
suggested by analogy with other elements in the same group.
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The Pauling-Huggins radii for P and As, which are 0.04 and 0.05
smaller than those in the new table, were cbtalned from the tetrahedral
mo lecules P, and Asg,. Since recent experiments on spiropentane (see
part II of this Thesis) have suggested that the bond distances in highly
strained molecules may be shorter than those in normal molecules, it is
not surprising to find this effect present in these molecules. Some
support is lent to this view by the resuits of Fourlier analysis of x-ray
data obtained from several of the forms of phoqphorusgl. which indicate
a phosphorus-phosphorue distance of Z2.28, exactly twice the phosphorus
radius derived above, in both the "amorphous” and crystalline forms of
red and black phosphorus, nelther of which consists of P, molecules.
Horeover, in crystalline arseniec, whicﬁ likewige does not consist of Asg
molecules, the arsenic-arsenic separation is 2.5122. within 0.0l of twice
the new radius.

The inappropriateness of some of those Pauling-Huggins values
which were derived from x-ray determinations on the ¢rystalline elements
is suzgested by the differenca of 0.05 between the sulfur-sulfur distances
in gaseous and solid SS' the value in rhombic sulfur being 2.12, and in
gaseous sulfur, 2.07. It is possible that the proximity of the atoms of
neighboring molecules in crystalline elements weakens the bonds somewhat,
At any rate, the cause of this effect does not concern us: we need only
be awvare of its presence,

We shall now make extensive comparisons of observed and calculated
interatomic distances in order to test exhaustivciy the usefulness of the
various sets of radil and the revieion of the additivity rule. In the cases

where no revisicn of the Schomaker-Stevenson radii was made, only the new

11




radii and the Pauling-Huggine radii are used in the comparison. In faect,
the present discussion may be regarded as a critical survey of the applica-
bility of the equation of Schomsker and Stevenson.

l. Hydrides

The comparison of obgserved and caleculated digtances for fifteen

hydrides is presented in Table 3.

Table 3

Interatomic Digtances in Hydrides

bond obs. distance calc. distance
in MH, thig work PH EL

H-H 0.7k 0.72  0.60 0.74
B-H 1.20% 1.19  1.18

C-H 1.09 1.09 1.07 1.10
N-H | 1.01 1.02  1.00 1,03
P-H 1.45 1.50 1.4 1.47
As-H 1.56 1.61 1.51 1,57
0-H .96 .96 .96 .98
s-H 1.33 1.36 1.34 1.37
Se~H 1.53 1.50 1.47 1.51
F-H .92 .91 .ol .92
01-H 1.28 1.27 1.29  1.28
Br-H 1.41 1.44 1.44 1.b5
I-H 1.60 1.66 1.63 1.67

average deviation from obs. 0.024 0.035 0.021

83n BH,C0

s




The revised radii are apparently somewhat less accurate than
the Schomaker-Stevenson radii for this get of compounds. Zoth revisged
sets give better agreement than the original Paunling-Huggzins set and
additivity.

2. Halogen Compounds

(a) Monohalides

The comparison of observed and calculated distances for fourteen

monohalides is presented in Table L.

Table U

Interatomic Distances in Monohalides

bond compound obs. distance calc. digtance
this work  PH 88

G-F CH,F 1.39 1.36 1.1 1.35
0-01 GHZCL1 1.77 1.72 1.76  1.72
C-3Br CHpBr 1.90 1.89 1.91  1.89
§-Cl ¥(OHz) 501 1.77 1.73 1.69 1.73
r-01 C1F 1.64 1.62 1.63  1.62
84-C1 SiHa01 2,06 2.07 2.16 2.05
01-1 1c1 2.32 2.28 2.32  2.28
As-Cl As(CHg) 01 2.18 2.16 2.20 2.11
Ag=-Byx As(CH,) oBr 2.34 2.33 2.35 2.28
As=I As(CHy) o1 2.52 2.55 2.5 2.%0
Sn-C1  Sn(CHy) a0l 2.37 2.35 2.39 2.27
Sn-Br Sn(CHy) 4Br 2.49 2.53 2.54 2,45
Sn-1 Sn(CHy) 51 2.72 2.74 2.73 2.66

average deviation from obs. 0.026 0.028 0.045

15




From these data it is apparent that, if the Schomaker-Stevensgon
revision of the additivity rule hag any validity for correcting the
discrepancies which suggested it, the revieed radii should be used. The
agreement they give in the case of the arsenic and tin compounds is very
much improved.

(b) Trihalides of the Fifth Group Elements

The comparison of observed and calculated distances for the

compounds MX; is presented in Table 5,

Table §

Interatomic Distances in the Fifth Group Trihalides

bond obs. distance cale, distance
thig work PH EE]

¥-F 1.57 137 1.3% 1,37
P-T 1.56 1.69 1.74 1.65
P-01 2.03 2.05 2.09  2.01
P-Br 2.20 2.22 2.24 2,18
P-1 2.45 R 2.u43 2.ho
As-F 1.72 1.80 1.85 1.75
As~-01 2.16 2.16 2.20 221
Ag-Br 2.33 2.33 2.35  2.28
As-I 2.54 2455 2.54  2.%0
Sb-01 2.37 2433 2.40 2.29
Sb-Br 2.50 2.50 2.55 2.46
Sb-1 2.71 2.72 2. 74 2,68
Bi-Cl 2.48 2.46

Bi-Br 2.63 2.63

average deviation from obs. 0.026 0.055 0.042

14




In this cage the revised radii are much superior to either of
the old sets. The discrepancies for PFz; and AsFy are rather large with
all three sets. This point il discusesed in the following section.

{c) Polyhalides of the Fourth Group Elements

Considerable work has been done on the fourth group halides.

The data are presented in Table 6.

Table 6

Interatomic Distances in Fourth Group Halides

bond ‘ii:‘“‘ﬁﬁ%§§; di§§%§§35§:= W(CHo) ok th1.°3§§£ diS;Encé S8

O-F 1.36 1.36% 1.39% 1.36 1. 1.36
0-01 1.9 L8 0 L 1.72 1.76  1.72
0=Br 1.91 1.9 1.91% 1.90% 1.89 1.91  1.89
0-1 .12 2.1F 2.09 2.10  2.09
817 1.54 _ 1.72 1.81  1.70
si-01 2.00 2.0 2.02% 2.06* 2.07 2.16 2.05
Si-Br  2.15 2,16 2.24 2.31  2.22
8i-1 2.43 2.6 2,50 2.44
Ge-Cl  2.08 , 2.15 2.21 2.09
Ge=Br  2.29 2.33 2.36  2.27
Ge-I 2.50 2.5 2,55 2,48
Sn-Cl 2.29 2.32 2.34 2.37 2.35 2.39 2.27
Sn-Br 2.4k 2.5 2.48 2.49 2.53 2.54 2,45
Sne1I 2.64 2.68 2.69 2.72 2. T4 2.7T4 2.66
Pp-Cl 2.43 _ 2.46 2.45

2CHy replaced by H

15




The distances in the polyhalides, except thoee of carbon, are
shorter than both the distances in the corresponding monohalides and the
calculated distances. Thig shortening has been discussed in terms of
double bond character, structures like the following being assumed to

contribute to the state of the molecu1923:

G ¥
C1 Cl C1 Cl
‘... + + ‘:- 4+ -+ "‘:-_ = + ”g WE
€l -~ 51 = C1 Cl =581 =201 Cl =81 = (1 Cl = 81"= (1
| { l B
Ci c1 Cl Cl

Since stable d orbitals are not available to the carbon atom, nc such
effect is possible in the carbon polyhalides.

Several objections may be offered to the above interpretationt
1) It requires an unreasonably large amount of multiple bond character in
SiF,. 2) It does not account for the gradual shoriening of the tin-halogen
bonds in the stannie polyhalides inasmuch as the cunclusion that bromine and
iodine have small power of double bond formation fellows from the inter-
pretation. 3) It requires that structures in which the halogen atoms have
a positive formal charge contribute to the state of the molecule, & condi-
tion which seems rather improbabdle.

& second class of contributing structures, discussed with the

abov323 is
c1 c1 c1” 01
: + - \-H— — R id “ +++ -
oL - 81Y 01 o1 - si™ m c1-81i" @ - sit @
\
o1 o1 o1 c1

If these structures are considered the only important ones, a reasonable
explanation may be offered (cf. ref. 18). The bonds in (CHy),SnX, for

example, are considered as normal, and the contribution of (Gﬂa)35n+x'

16




is taken intec account by the Schomaker-Stevenson correction term. But

in (CHg)gSnXy and (OHy)SnXz, the following situation may prevails

X X

CHy - 8% X~ CHs - 82" X~
\
OHy X"

The removal of electrons not only reduceg the radius of the central atom,
but the resulting opposite charges would tend to draw the negative atoms
in closer, by simple coulomb attrazction. The second effect is apparently
far more important than the first, since the $=8n distance is the same in
(CHg) 4Sn and (CHy)aSnX, X = €1 or Br,

It is possible, with this scheme, for the carbon compounds to
exhibit the same effect. The reason that it is not observed may follow
from the fact that the X...X distances in OX, are already much less than
the van der Waals diameters, making additional shortening impoesible,

The shortening in the fluorides would thus be expected to be the
greatest, as is observed, The trihalides of the fifth group elements, with
the exception of PFy and AsFy, show normal distances, & condition corree-
ponding to little or no additional ionic character to the bonds.

Blectron diffraction investigations of the compounds sz(ca,)nxn_u
and Ge{cﬁg)nxh_u would provide a valuable check on the above interpretation.

Additional evidence against the formation of multiple bonds is to
ve found in the recent x-ray investigation of the crystal structure of

octamethylapiru[5.S]pentaniloxnneau:

17




N/ 5 f

Si -0 0 - 88
P . N

0 51 0

~ "

8f -0 / Q0 = Si//

Z N /7 \
CH; CHy CHp OHg

The preliminary results indicate that free rotation of the Si(CHz),
groups occurs, the silicon atom being free to move in the ring, "as in
a ball and socket Jjoint." Structures such as

CEz CHa
N M
$i7= 0"
/ N
would certainly be expected to inhibit rotation to an even greater extent
than the normal valence bond structure.
{d) Halides of the Third Group Elements
The halides of aluminum are dimerie, with two types of Al=X

distances: X x+ X

Y 2
Al Al
/ Nys N
X 4 X

Comparison of observed and calculated distances is shown in Table 7.

Table 7

Interatomic Distances in Aluminum Halides

obs, distance cale, distance
bond a b thie work PE#
Al-C1 - 2.06 2.2 2.18 2.25
Al-Br 2.21 2.33 2.36 2.40
Al-1 2.53 2.58 2.57 2.59

®Calculated by the use of the Pauling-Huggins tetrahedral
radius for aluminum,

18



The distances b are longer than the distances a, Just the reverse
of what is expected on the basis of the new interpretation. The structures
of the AlgXg molecules were determined on the assumption that the bonds
are predominantly ionie -- under which assumption the guoted results were
obtained. There may be some doubt, however, concerning the correctness
of the assumption. It is generally observed that tetrahedra do not share
edges except in the case of covalent complexes; for example, the ionic
character of the silicon-sulfur bond is about the same as that of an
aluminum-iodine bond, and crystalline SiS; consists of S5iS, tetrahedra
with shared edges. Incidentally, the cbserved Si-S distance in SiSgz, 2.1k,
is in satisfactory agreement with the calculated value of 2.16 (Pauling-
Huzgins radius sum, 2.21). It is possible that models of the AlgXg molectles
with distances b shorter than distances a could be constructed to give
agreement with the observed electron diffraction data.

The distances reported for the trihalides of gallium and indium,
the structures of which are in doubt, are compared with the calculated

distances in Table 8.

Table 8
Interatomic Distances in Gallium and Indium Trihalides

cale, distance

bond obs. distance this work PH™
Ga=01 2.22 2.23 2.2h
Ga=Br 2.34, 2.1 2.ho 2.40
Ga-1 2.50 2.62 2.59
In-Cl 2.46 2.34 2.43
In=3r 2.58 2.51 2.58
In-I 2.76 2.73 2.77

*Calculated by the use of the Pauling-Huggins tetrahedral radii for gallium
and indium 19




In thie case the interpretation is rendered difficult by the
large uncertainties which must be ascribed to the observed distances.
The agreement in the case of Galy is especially poor. On the other hand,
the values of In-X in the distomic indous halides calculated by StavensoneE.
viz., In-Cl = 2.39, In-Br = 2,53, and In-I = 2,72, are in good agreement
with the calculated values.

The observed values in the thallous halides, T1-Cl = 2,55,
Tl-Br = 2,68, and P1-I = 2.87 are in only fair agreement with the calculated
values of 2.45, 2.62, and 2.8Y4 respectively. The Pauling-Huggins radius
sums are 2,46, 2,61, and 2.80.

(e) Halides of the Sixth Group Blements

The observed and calculated distances 1n the sixth group dlhalides

are presented in Table 9.

Table 9
Interatomic Distances in Sixth Group Dihalides

cale. distance

bond obs, distance this work PH
O-F 1.4 1.40 1.30
0=-01 1.68 1.68 1.65
$-C1 1.99 1.99 2.03
Se~Cl 2.13 2.11 2.16
Te-Cl 2.36 2.28 2.36
Te=-Br 2.49 2.45 2.51
average deviation from obe.0.028 0.040
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Agaln the agreement is bBetter with the revised radii. The data
suggest that the experimental value for Tellg may be in error.
3. DBoron Gompounds

The available data for warious boron compounds are presented in

Table 10,
Table 10
Interatomic Distance in Boron Compounds
cale. distance
bond compound obs, distance thie work PH
B-B CaBg 1.72 - 1,70 1.76
B-H BH300 1.20 1.19 1.18
B'H9 1.17 1.19 1.18
B-¥ B(CHg) oF 1.29 1.39 1.52
BCH,F, 1.30
By 1.30
B-C1 301:,’,"'5‘ 1.74 1.74 1.87
B-3r BBry 1.87 1.91 2.02
B-Al A1(BH,) 5 2,14 2.14 2.14
B-0 B(0CHg) 3 1,38 1.hb 1.54
average deviation from obs. 0.031 0.093

For this set of compounds the Pauling-Huggine radii are in such
great disagrsement that a special discussion was made in axplanationgs.
On the new basis, no such explanation is necessary, although the discrepant

values for B-F and B=0 remain., The series B(OH;)nFn_3 shows no trend of

2%




shortening such as is observed for the methyl halides of the fourth
group elements. A more extended discussion of the problem of the radius
of boron and the applicability of the ESchomaker-Stevenson relation to

boron compounds has been made by Bauer and Beach27.
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B. Double Bonds

If the Schomaker-Stevenson equation is valid for single bonds, a
relation of similar form might be expected to hold for multiple bonds.
In this section & discuselon of double bonde is developed. It might be
possible to extend the treatment to triple bonds also, but the experi-
mental data for molecules with triple bonds are too meager to determine
whether the treatment is of value in the discusslon of molecular structure.

Fxperimental doubles bond distances are available only for § = O
{(1.35 in ethylene), N = N (1.24 in azobenzene), and ¢ = O (1.21 in
aldehydes). The determination of the interatomic distances in compounds
containing ¢ = & bonds or N = O bonds would be of great value in setiling
some of the guestions waich arise in the discussion of double bond radii,
The elsctiron diffraction invastigation of several of the simpler oximes
such as formaldoxime and acetaldoxime would afford a direct measurement
of the C = ¥ distance,

The dependence of interatomic distances on resonance between single
bond and double bond structures has been digeunssed in detall by Pauling,
Brockway, and Baachzs. The equation which relates interatomic distance

with double bond character is

L A (r‘ = rd) 3x
: 2.+ 1

where Ty and ry are the distances for pure single and double bonds
regpectively, and x is the amount of double bond character. Thus, the
carbon-carbon distances in benzene (x = %) and graphite {x = 4) are pro-
dicted to be 1.38 and 1,41 respectively, which compare well with the

observed values of 1.39 and 1.41. Similarly, the carbon-oxygen distance
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in the carboxyl group (x = %) and the carbonate ion (x = &) are predicted
to be 1.26 and 1.0, the observed values being 1.26 and 1.31.

A plaueible C = N distance of 1.25 may be calculated with the
above equation and the carbon-nitrogen distance in melamine (x = 4).
The ¢ = ¥ distance whick is calculated assuming additivity is 1.28.
How, if the lengths of double bonds follow the same law as do single
bonds, we have:

1.25 = 1,28 - kbx

from which we obtain k = 0.07. The double bond radius of oxygen of 0.61
can then be calculated from the observed O = 0 distance of 1.21 in alde-
hydes. We then obtain 1.22 for 0 = O and 1.20 for ¥ = Q,

Accurate experimental values are avallable for the nitrogen-oxygen
digstances in the nitro group and in the nitrate lon. They are 1.22 and

1.21 respectively. The resonating structures of these groups are

so that the respective valuce of x are 4 and 4, leading to calculated
distances of 1.26 and 1.29, However, in both groups there are bonds
with lonic character over and above that corrected for by the Schomaker-
Stevenson rule. There are twice as many such bonds in the nitrate ion
as in the nitro group, soc that the observed deviation of -0.0U in the
latter case and of -0.08 in the former supports the conclusion reached
in the consideration of the fourth group halides, that additional ionic

character shortens the bonds.



The nitrogen-oxygen distance in the nitrite ion, which resonates
hetween the two structures

0 0 0 0
N N/
] |
is predicted to be 1.26; the reported distance is 1.1l + a8 s
The distances observed in the methyl nitrite molecule are:
CwOm= LU, HeO=1.37, snd ¥= 0 = 1.22., These indicate that
resonance occurs between the structures:
CHg = 0 = H = © GHp - Ow § =0

A B
Structure B wounld he expected to contribvute only o enall amount to the
eround state. The distance predicted for %A, %‘B are ¥ « D = 1,37,
H=0= 1l.21.

The oxygen-oxygen digtance in ozone, which hag the following

rescnating utmetumsm
e =
2 = . “i, "o “w
0 0 0 0 Nl Q. L Q.
N L7 g N S N
o} Q 0 0

is predicted, on the basis of x = % and an extra ioric character correction
of -0.06 (intermediate betweoon those observed in -HQy and NO3), %o be
1.26, in excellent agreement with the cbserved value, 1.26.

Since no revision of the double bond radiuvs of carbon has been
made, the previous lanterpretations of the distancas in aromutic hydro-
carbong remains unnltered,

The observed internuclenr gseporation in the oxygen wolecule is 1.21,

elose to twice the double bond radius obtained above. This sugeeste that



half the interatomic distance in the S; molecule may be taken as a good
approximation to the sulfur double bond radius, since both Oy and 83

have the ground state 7 . The distance predicted for (=8 is then 1.61,

in satisfactory agreement with the observed distance of 1.64 in thiourea.
The distance obeserved in S0, 1,49, is in good agreement with the calculated
value of 1,49,

The observed distances in 80,5 and 805, which have the following

structures:
0 0 0 0 o 0 0- 0 0
N+ N7 N/ N /7 N o7
S 8 8+ g gt

i \ [
0 0 0.

are the seme, 1l.43, C=lculated distances for x = % and % are 1.5% and
1.57 respectively. The corrections due to extra ionic character are
grester than those observed in-HOz; and 03, as might be expected from the
greater electronegativity difference in the sulfur oxides,

Addendum: After the above sectlon on multiple bonds was
essentially completed, a paper by Gordy31 was published in which many of
the above conclusions were reached. GCordy also extended the Schomakere
Stevenson eguation to double bonds, obtaining 0.06 for the walue of k,
as compared with;?ﬁlun 0.07 obtained above. A comparison of the double
bond radii of Gordy, Pauling-Huggins-Brockway, and this work appears in

Table 1ll.
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Table 11

Valuss Proposed for Double Bond Redil

this work PHB Gordy
¢ 0.675 0.665 0.675
m .62 T .60 .62
0 .61 .55 .60k
r - .5k .60
8 .94 <94 .94
Summa ry

1. Suggested revigions of the covalent radii for B, 84, P,
Ge, As, Sn, &b, and Pb have been made, and values for the covalent radii
of Al, Ga, In, T1, and Bi have been proposed.

2. The Schomaker-Stevenson revision of the additivity rule
for single covalent bond distances has been used in conjunction with
the reviged radii. Agresment with experiment ie in general better with
the reviged radii than with the former radii and additivity.

3. The principle of ionic bond character in addition to that
present in & normal covalent bond has beer applied to the observed
structures of numerous molecules. It lesads to & method of interpretation
which is at least as consistent as the theory of multiple bond formation.

4, fThe revision of the additivity rule has been extended to
double bondg. An encouraging beginning along these lines has been made,

but additional experimental data are needed for clarification.
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Conclusion

The application of certain princlples differing from the
original method of Fauling and Huggins which was sxtended and widely
applied by Brockwey has, I believe, led to better agreement and more
consigtent interpretation of interatomic distances in molecules. In
order to simplify the exposition of these prineiples I have based my
diegcussion almost solely upon them without introducing the complication
of applying the former method simultaneously in the cases where it is
almost certainly demanded by the data. Nevertheless I believe that
the success of the new principles is great enough to warrant their

gserious congideration in future discussions of molecular structure,
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Sources of Interatomic Distances Used

in the Tables

Heferences to the literature for each of the cemmounds in the
raespective tables are given in the following table, The designations
M and W refer respectively to the compiletiorns of L. R, Maxwell,

J. Opt. Soe. hsmerica 30, 374 (1940} and ¢. W. ¥heland, "The Theory of
Resonance," Wiley and Sons, New York, 19uli, ¢. 286 £f. No attempt

has been made to cite the original referenca for esach compound,




Table

Table

Table

1
compound

¥HO,
0Fg

Fa

Ha0g
CHaONH,
(GHz) gHCL
0140

2

sn(ﬁgg)4
I

»
Pb{CHy) ,

s

Bs
BH4C0
CHg,
HHg
PHg
AsHj
Hga0
HgS
HQSB
HF
HC1
HBr
Hl

reference

M
M
ref. 17
ref, 20
ref.17
W

ref.33

ref.13, p.168
M

ref.l1l9
ref.l9
ref. 14
ref.19
ref.19
ref.19
ref.19
ref.19
ref.19
ref .19
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Table

Table 4

B(CHp) oF
CHgF

CHZ01
CHaBr
N(CHg) 201
ek

81Ha01

Icl
AS(OH;):GJ.
Ae(CHgy) g37
A!( GH,) aI
Sn{CHy) 301
sn(CHgz) a3r
SD( GHQ)‘;I

5

0Py
PP,
FClg
PBra
Pig
AﬂFa
ABCla
A BBra
}LSI 3
S0l
ShBrg
Sl
Bi0lg
35.31'3

6

CF,
CHoF,
QHg?

01,
e
OHgCly
C(CHg) 201
CBr,
GHBra
maﬁra
G(GHa)aEr

z'lu

OHI,

SiT,
8161,

ref.17

- M

K

ref.lﬂ
raf.18
ref.18
ref.18
ref.18
ref.18

ref .35

ref.3b

ref, 37

rﬂfo 37

ref, 3?

ref.l13,
ref.1l3,
ref.13,
rof.13,
ref.l3,
ref.13,
ref,13,
M

M

S -

anct
Ry

-

D234
p.234
p. 23k
p.23L
p.234
Pe23h
p.234




Table

Table

6 continued

S4HC14
S1H,01,
S1H,C1
SiBr‘
SiHBry
GeCl,
GeBr,
Gel,

SnCl,
SnCHzClg
Sn(cﬁz)QCla
Sn(CHa) 201
SnBr,
SnGE;Bra
SH(CHg)aBrg
Sn(GHa)aBr
Snl,
SnCHg1a
Sn(ﬁﬁg)ala
Sn(CHa) 51
PBO1,

7

A1 01g

ng3r’

N

M

M

ref.38
ref.}s
H

ref.39
ref, 39
M

ref.18
Pef.ls
ref,18
ref,39
ref.18
ref.18
ref.18
M

ref .18
ref .18
ref.18
ref .39
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Table

&

GaGl,
GaBry
Gaia
Incla
InBra
Iulg
T1C1
T1Er
T

9

OF,
0150
8014
30013
TeClg
TeBrg

10

gee ref.27
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[ConrrIBUTION FROM THE GATES AND CRELLIN LABORATORIES (])p CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,
No. 954

An Electron Diffraction Investigation of Sulfur Nitride, Arsenic Disulfide (Realgar),
Arsenic Trisulfide (Orpiment) and Sulfur

By Cu1a-S1 Lu aND JErRrRY DONOHUE

Although sulfur nitride, SiN4, has been known
for over fifty years and is the parent substance
of several compounds, its molecular structure has
remained an unsolved problem. Its molecular
formula is derived from ebullioscopic and cryo-
scopic measurements; but neither the methods
of preparation nor its chemical properties give
any important clue to its chemical constitution.
Schenck! and Muthmann and Clever? proposed,
respectively, the stereochemically similar struc-
tural formulas I and II, which are rather improb-
able because of the four rings and the small dis-
tances. Later Ruff and Geisel® proposed the
. formulas III and IV. They gave preference to
the latter formula, which was also supported by

A ENVA
S \\b S/ \b N NN N
e Y NS N

Nz===N S S

I II
J—8=N S—N—8§
Y g N\
o= | SN
NN_—s=N \§—N=s>
111 v
Meuwsen.* None of these formulas seems to ac-

count for the chemical properties of sulfur nitride
satisfactorily. In 1931 Jaeger and Zanstra,® on
the basis of their x-ray investigation of the crys-
tals of sulfur nitride, reported that the molecules
had the configuration of two interpenetrating
concentric bisphenoids (tetragonal bisphenoids)
of sulfur and nitrogen atoms (formula V). The
N-S bond length of their model was only about
1.2 A., which seems to be far too short. Their
results are rendered more doubtful, inasmuch as
they regarded the crystals as being orthorhombic,
by the fact that the crystals have been shown to
possess only monoclinic symmetry by means of
both goniometric and x-ray methods®’ but usu-
ally twin themselves to exhibit orthorhombic
symmetry. In 1936 Arnold, Hugill and Hutson®
proposed formula VI, which would involve reso-
(1) R. Schenck, Ann., 290, 171 (1896).

(2) W. Muthmann and A. Clever, quoted in ref. 8, Their paperin
Z. anorg. Chem., 18, 200 (1896), however, does not mention the
formula IIL.

(3) O. Ruff and E. Geisel, Ber., 37, 1573 (1904).

(4) A. Meuwsen, ibid., 62, 1959 (1929); 64, 2301, 2311 (1931).

(6) F. M. Jaeger and J. E. Zanstra, Proc. K. Acad. Welensch.
Amsterdam, 84, 782 (1931).

(6) E. Artini, Z. Krist., 42, 68 (1907); G.F. H. Smith, Min. Mag.,
16, 97 (1911).

() M. J. Buerger, Am. Min., 21, 575 (1936). His results are
quoted as follows: a0 = 8.74 A b =714 4,00 = 8645 4., 8 =
920217 Chy — P2i/ni Z = 4 (SiNJ).

(8) M. H. M. Arnold, J. A, C. Hugill and'J. M. Hutson, J. Chem.
Soc., 1645 (19388).
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nance among several bond structures. They
also considered formula VII, which would easily

/N\S/N\ S/ Z\S
S | 3 [ 1 |
\N /S\N / N\Iz/N

VI VII

account for the formation of the thiotrithiazyl
ion® (NS;)*t from sulfur nitride but would not
readily account for the other reactions. Formula
VI was supported by Phalnikar and Bhide,!¢
although their argument on the basis of their
dipole moment measurements is not at all con-
vincing. .

The molecular structure of arsenic disulfide
(realgar) has been another unsolved problem
in structural chemistry. The possibility of iso-
morphous structures of sulfur nitride and realgar
was first suggested by Szarvasy and Messinger.!
They determined the vapor densities of realgar at
several temperatures, and found that the meas-
ured vapor density would correspond to As;S,
at temperatures below 550° but dissociation into
AsyS; molecules became appreciable at higher
temperatures. They proposed a structure similar
to I for the As,S; molecule except with single bonds
between the arsenic atoms instead of the triple
bonds. Recently Buerger!? determined the di-
mensions of the unit cell in the realgar crystal
and compared them with those in. the crystal of
sulfur nitride,” and suggested that-the difference
in the length of the monoclinic d-axis might be
attributed to the difference in the sizes of the
arsenic and nitrogen atoms. However, no com-
plete structure investigation for either substance
has been reported in the literature.

Burt?? reported in 1910 that sulfur nitride can -
be sublimed readily in vacuo at as low a tempera-
ture as 100°. Realgar also sublimes readily
in vacuo at temperatures below its melting point
(807°); and excellent realgar crystals can be
grown in this way.!* We have therefore under-
taken an electron diffraction investigation of these

(9) W. Muthmann and E. Seitter, Ber., 30, 627 (1897).

(10) N. L. Phalnikar and B. V. Bhide, Current Science, 8, 473
1939). :
¢ (11; E, Szarvasy and C. Messinger, Ber., 80, 1343 (1897).

(12) M. J. Buerger, Am. Min., 20, 36 (1935). His results are
quoted as follows: ao = 9.27 A., b = 13.50 ., co = 6.56 A., g =
108°37'; Cyy, — P2i/n; Z = 4 (AsiSo).

(13) F. P. Burt, J. Chem. Soc., 97, 1171 (1910),

(14) A. Schullet, Z. Krist,, 87, 97 (1897).
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tixo sibstadoearin idiesciphsisthtibs Isdthe
of L sary greis tigationiwerheghmudo datl thie
abilitst of texaminihg arsenfortrisulfde (arpiment)
and® sulfur by means of similar experimental
téchniques. In the case of orpiment, which
exhibits rather large birefringence in the crystal,
it-might be expected that the crystal structure
would be different from that of arsenolite,®
which consists of AsiOs molecules. However,
orpiment can be distilled unchanged,' although
it does not sublime as readily as realgar.’ It is
thus of interest to find out whether it equld have
the AssOg structure in the vapor state.'In the
case of sulfur a puckered ring structure has been
established in the rhombic crystals!® as well as 1
the vapor.? Since the electron diffraction photo-
graphs of Howe and Lark-Horovitz!"® apparently
were not taken to show features beyond ¢ = 30
(g #0140/ sin 6/2), their patterns are not capable
of giving as complete information with regard to
theisize, configuration, and rigidity of the ring as
wehate been able to obtain.

We have accidentally taken some excellent
photbgraphs of arsenic trioxide, which appar-
entlycontaminated a sample of stockroom-grade
“pute’’ arsenic trisulfide. Five more features
couldsbe seen and measured than those reported
by Hampson and Stosick.” Our final parameters
areasifollows; As—O = 1.78 = 0.02A.,As—As =
320 = 0.02 A. and £ As—O—As = 128 = 2°

0O—As—0Q = 99 = 2°). These agree very
xgg" with the values of Hampson and Stosick:®
samely, As—O = 1.80 = 0.02 A, As—As =
320 = 0.03 A. and £ As—O—As = 126 = 3°.

" should be noted that both the As—O bond
léngth and the oxygen bond angle indicate large
nounts of double bond character in the As—O
bonds arising from the unshared electrons on the

oxygen atoms.

; Experimental.—The sample of sulfur nitride used in this
investigation was prepared by the method described by
Arnold, Hugill and Hutson.® The saniple was recrystal-
lized twice from chloroform. It burned quietly in air and
left no residue on sublimation in vacro. The samples of
realgar and orpiment were purchased from a mineralogical
supply service in Pasadena. According to Mr. Grieger of
this supply service, the sources .of these mineral specimens
are: realgar, White Caps mine, Manhattan, Nevada;
orpiment, Mercur, Utah. Bot"h specimens are 9f very high
quality. The realgar was purified by sublimation n vacuo
at a temperature of ca. 300°. Orpiment would not sub-
lime so readily; hence it was fused iz vacuo to a glassy mass

(15} R. M. Bozorth, THIS JOURNAL, 45, 1621 (1923); K. E. Almin
and A. Westgren, Arkiv Kemi, Mincr'al.AGe_ol.. 158, No. 22 (1942),
abstracted in Chem. Abs., 86, 5688 (1942).

(18) E. Mitscherlicn, Ges. Wiss. Gollingen, 12, 137 (1834), quoted
inf Méllor, “A Comprehensive Treatise on Inorganic and Theoretical
Chemistry,” Vol. IX, Longmans, London, 1929.

(L7) ;Szarvasy and Messinger (ref. 10) reported that their vapor’™

density, measurements on orpiment indicated appreciable dissociation

at 1600'. They did not mention, however, whether it was from
AsrSh orifrom AssSs that orpiment dissociated.

(18) B.E. Warren and J. T. Burwell, J. Chem. Phys., 8, 6 (1935).

) J¢ D. Howe and K. Lark-Horovitz, Phys. Rev., 61, 380A

1937).
C (20; G Mtofilampson and A. J. Stosick, Tmis Journaw, 60, 1814
(1938). ol . woll =m: . niJ Mo’  maitibe
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at a tﬁmﬂi:ﬁ 'h800-400° to remaove both arsenic tri-
a Narl®¥

oxide and r mias then pulverized. The powdered
sample had ow color. Another sample of arsenie
trisulfide was prepared artificially by precipitation b
hydrogen sulfide from a solution of arsenic trichloride:
hydrochloric acid. The sample of sulfur was obtain
from the chemical stockroom. It was apparently of Verys.
high purity, and it left practically no residue on sublima?.,
tion ¢n vacuo. i

The electron diffraction apparatus used for this investigaly
tion has been described by Brockway.?! The camera diggi
tance used was about 11 ecm. The wave length of th
electrons (ca. 0.06 A.) was determined against zinc oxide
smoke?? (ay = 3.2426 A., ¢, = 5.1948 A)) with a camerd
of about 40 cm. distance.

The metal high-temperature nozzle of Brockway and
Falmer? was found to be unsuitable for sulfur nitride and
realgar. With this nozzle ol
nod' photographs could be )
obtained: below a certain - 1
heating current; - while at
higher heating current only
photographs of decomposi-
tion or reaction products
resulted. A glass high-
temperature nozzle of very
simple design was made to
meet this difficulty and was
used throughout this in-
vestigatibn. It consists of
a small sample tube (diame-
ter 6 mm.; length 2.5 ecm.)
with a male ground joint,
and a capillary chimney
(0. D.6 mm.; I. D. 2 mm.;
length 2.5 cm.) with a fe-
male ground joint on one
end and a constricted bore

of 0.5 mm. diameter on the . F
other. Each of these two Fig. l.—Diagram of the
parts is wound with a few high temperature nozzle:

turns of no. 26 nichrome
wire. Of the four sub-
stances studied (aside from
arsenic trioxide), sulfur ni-
tride required the lowest
heating current and orpi-
ment the highest. No at-
tempt was made to measure the temperature of the vapor
in the nozzle; evidently it was never as high as the soften-
ing point of Pyrex glass. A diagram of the nozzle is shown
in Fig. 1.

The photographs were examined on a viewing box, and,
for the outer rings, two or more good, heavy photographs
were superimposed and examined on a Triplett and Barton
viewing lamp of adjustable illumination aperture and in-
tensity. Measurements of the diffraction features were
made on a comparator in the usual manner: All the in-
tensity patterns could be observed up to or beyond ¢ = 80.
The photographs were all corrected for film expansion by
measuring two fiducial distances ou the film.

Interpretation.—Both the radial distribution
method?* and the correlation method? were used
in interpreting the photographs. The radial
distribution functions were calculated from the
visual intensity curves by means of the following
equation

{(21) L. O. Brockway, Rev. Mod. Phys., 8, 231 (1936).
(22) C.8.Luand E. W. Malmberg, Rev. Sci. Instr., 14, 271 (1043),

“ (28) L. O. Brockway, and K. J. Palmer, THIS JoURNAL, 59381
(1937).

(24) L. Pauling and L. O Bbsckway, ibid., 57, 2084 (N3N0

A,A’, leads for heating coil;
B, glass shield for upper
part of chimney. In actuall
practice the entire chimneyj
was wrapped in asbestos.

R. Spurr and V. Schomaker, ibid. "84P2603 (1942). v
(25) L. Paulfngrioid A 10. Braioade,. /. Cher. Phisl
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bﬂ'{ rD(r) = qg I(g)e~te* sin (TO qr)

where ¢ was so determined that e—°¢" was 1/10
or 1/20 at ¢ = 90. The unobservable first
f:é%;}urc of the visual curve (dotted part) was
introduced arbitrarily. (In the case of sulfur,
thasiifirst feature was taken from the theoretical
irftbrgsity curves, ¢f. Fig. 2.) On the other hand,
for the correlation treatment the simplified theo-
retical scattering formula,?* was used to calculate

I°(q) = Z;’ %J e~ sin (% ?’ijq)
the theoretical intensity curves. The tempera-
ture factor b was taken to be zero unless otherwise
stated. It is to be noted that sometimes a re-
interpretation of certain features of the photo-
graphs is deemed necessary. Such a change is
indicated by the broken lines on the visual curve.

q.
0 20 40 60 80

LN ol 481

Fig. 2. The radisltelstyibution function R cals
culated for this visual cutve gives two sharp peaki®
at 2.07 and 3.28 A. and a broad peak at 4.3 —#%dk
A. From these we obtain 5.5 = 2.07 = 0.02iA&s
and £ S—S—S = 105 = 2°, The broad pdaks
should then arise from the longer S—S terniss
which, for a regular puckered eight-ring, would beg;
4,34 and 4.67 A., with weights ca. 2:1. Severab
configurations derivable from a regular puckexddr
ring by systematic distortions, such as the ‘‘tubtb
form, the ‘‘chair’” form, the ‘“‘cradle’” form andi
the “butterfly”’ form (Fig. 3), have been showntds
be incompatible with the radial distribution pead
at 4.3—4.4 A. Therefore the fraction of sulfasm
molecules having these configurations in the vapiao
phase must be small. ol
Four theoretical intensity curves A—D

calculated for regular puckered ring models withv
S—S = 2.07 A. and £ S—S—S = 100°, 103%)
106° and 109°, respectively. In order to estimatio
the thermal vibration of the risg

two more theoretical curves (dottedr

100 curves) including only the o

T shortest terms were calculatediddry
the models B and C. Qualitatiiire
comparison reveals at once that’
there is a rather large therimab
vibration associated with the piickel
ered ring structure. (We estimates
from the curves B and C tha€

Vért = 0.15 A. for the two lof
S—S terms. Curve E calculatéd
withS—8 = 2.07A., £S—85—§'8
104°507, and this amplitude "of’
vibration (corresponding to b =
0.0009) for the two long terms "fal
seen to agree very well with thé
visual curve.) Quantitative coffis
parison of the observed and tHE®
calculated features. is giventdn
Table I. i
Both the electron diﬂrar},‘ﬁ'@iﬁ
values of Howe and Lark-Hgrg-j
vitz® (S—S = 2.08 = 0.02sgan
and the x-ray values of Wﬂ?@gg

| L ] |
1 2 3 4
r, A
Fig. 2.—Electron diffraction curves for sulfur, Sy
s.s, A <8.8.8 Remarks
A 2.07 100°
B 2.07 103°
C 2.07 106°
D 2.07 109°
E 2.07 104°50’ Temperature factor (b = 0.0009)

for two longer terms

We shall describe our results obtained in this
investigation in the following order: sulfur,
orpiment, sulfur nitride and realgar.

Sulfur.—The electron . diffraction pattesnanf

the sulfur molecule S; is depicted in curve WR&@f)

26

s tange H

and Burwell® (S—S = 2/f2°AC
£ S—8—8 = 105°) for the sl
molecule agree satisfactorily iitip
our present results. e

Orpiment.—The fused 'GP
ment and the precipitated agsemic
trisulfide gave identical electrdns
diffraction patterns, which af 3
picted in curve V of Fig. 4. ,\ﬁﬂe
radial distribution function Rieal-
culated for this visual inten§ity
curve gives a sharp peak at 2.25 8
and a peak at 3.46 A. with a broad shotulder on the
outside. The first peak (2.25 = 0.02 A.) casre-

sponds to a single-bond As—S distance.2 ;{121())

(VeI
EI®6) See L. Pauling, ‘“The Nature oft the.ChemyiealiBopd,!) segopd
edition, Cornell University Press, Ithaca, New York, 1940.  (ggen)
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qis 3
is, #53 ! Stm"fm -
THS - Max. dabs. [ UK/ qoba.
Memez g - 1 6.87 ., 5.6 (0.815)
LZ8 8.51 7.6 ( .893)
_xaa‘ bu, 2 10.05 10.5 (1.045)
Age3 12,41 ll.qd (0.927)
38 3 14.29 13.6 ( .952)
o4 17.27 16.7 ( .967)
b 4 19.68 20.1 (1.021)
Ibgi‘r’ 22.05 21.8 0.989
ba3- 5 24.08 24 .3 1.009
p 16 27.65 27.7 1.002
6 32.08 31.8 0.991
-7 35.77 356.6 -995
ke 7 38.75 39.0 1.006
alg 8 40.63 41.0 1.009
93 . 8 42 .40 43.0 1.014
ieig Y 46.26 46.6 1.007
- 9 50.89 50.5 0.992
A31v 55.54 54.2 976
Vi 10 57.46 57.5 1.001
11 48.8
11 60.47 61.7 1.020
12 65.60 65.4 0.997
12 68.64 69.2 1.008
13 3 73.0
13 74.10 74.3 1.003
14 76.6
14 79.60 80.2 1.008
15 90.3 88.0 (0.975)
16 99.6 99.2 0.996
3 Average 1.001
o8 Average deviation  0.008

plausible model, however, can be constructed for
AsyS; such that the As—S bonds would be expected
to be essentially single bonds and such that the
peaks in the radial distribution function are satis-
factorily accounted for. Hence, it islikely that the
orpiment molecule in the vapor phase is As;Se and
has the As,Oq structure. For As,S; with this strue-
ture, with As—S = 2.25 A, and £ As—S—As =
100°, we would expect a large As— As peak at 3.45
, a small S—S peak at 8.77 A. (which possibly
falls in the shoulder of the As— As peak), a large
As—Speakat4.25A.,anda negligibly small S—S
peak at 5.33 A Theoret1ca1 intensity curves
calculated for this model with As—S = 2.25 A
and £ As—S—As = 97°, 100°, and 103°, re-
spectively, are shown in curves A—C of Fig. 4
In order to estimate the thermal effect on such
1d model, we calculated two more theoretical
es (dotted curves) including only the three
rter terms for the models B and C. From a
ﬁ‘a}ﬂatlve comparison of the curves B and C with
vistial curve it is easily seen that if As S,
ctiles do exist in the vapor phase they can-
nﬁisbe as rigid as the As,O, molecules. This loss
d!'rlgldxty is probably due to the high tempera-
1t used in our inv

ol urvaib wads calenlated for.; an, AssSs mogel withy
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0

Fig. 3.—Some configurations of the eight ring: A, reg-
ular puckered ring (S; molecule); B, “tub” form; C,
“chair” form; D, “‘cradle” form; E, “butterfly” form.

As—S = 2.25 A. and £ As—S—As = 101° and
a temperature factor (b = 0.0009) for the two
longest terms. Quantitative comparison of the

TasLE 11
ORPIMENT
Min. Max. Qobs. aD aD/qoba.
1 6.82 6.5 (0.953)
2 9.80 8.6 ( .878)
2 12.48 11.7 ( .938)
3 15.93 15.8 992 do
3 18.78 19.3 1.028 81
4 22.23  22.3 1.003 2A
4 24.15 24.3 1.006 =
5 26.09 26.3 1.008 M
5 29.66 29.5 0.995 U
6 , 33.22 32.9 .990
6 35.85 37.0 (1.082)
7 39.55 41.0 (1.087)
7 41.387 42.5 (1.027)
8 43.55 43.7 1.003
8 47.10 47.3 1.004 *
9 . 51.80 50.8 0.981
9 54.87 54.3 890 b
10 57.0 q
10 59.15 58.5 .989 b
11 61.71 61.5 .997
11 64.05 64.5 1.007
12 68.26 68.3 1.001
12 71.84 71.3 0,999
13 73.28 73.5 1.003 °
13 76.95 75.6 0.982 P
14 82.71 82.4 .996
15 80.8 88.8 _ 089 |
16 95.4 ;930 975

sik X adoid by (rs)
(8521) 0QaL Mﬁmmmu %)
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intensity curve gives a sharp peak
at 1.62°A., another equally sharp

I S—S intractions;

T but somewhat stronger peak at
2.60 A. with a slight asymmetry
on the inside, followed by a small
shouldering peak at about 3.1 A.,
a small peak at 3.78 A., and possi-
bly another small but broad peak
at about 4.2 A. The first peak at
1.62 A. undoubtedly arises from
the N—S bonds in the sulfur ni-
tride molecule. Since the length
of a single S—N bond is expected
to be ca. 1.74 A. while that of a
double bond is ca. 1.54 A.* it
seems that practically all the S—N
bonds in the sulfur nitride mole-
cule would have considerable
amounts of double bond character.
The second peak at 2.69 A. might
be interpreted as due mostly to the
if this is’lthe
case, the bond angle Z S—N—8
would be close to 112°. Médan-

1 2 3 4
- r, A
! Fig. 4 —Electron diffraction curves for orpiment, AsSs:
As-S, A < As-S-As Remarks
A 2.25 gy
B 2.26 100°
(o 2.25 103° .
D 2.25 101° Temperature factor (b = 0.0009)

for two longest terms

observed and the calculated features is given in
Table II. Our final parameters are as follows:
As—S = 2.25 = .0.02 A, £ As—S—As = 100
= 2° (£ S—As—8 = 114.= 2°), The As;S;
molecules exhibit large thermal vibration under
our experimental conditions.

The orpiment crystal probably bears a similar
relationship to As;S; molecules as orthorhombic
antimony trioxide (valentinite)? does to SbyOs,
and possibly even as monoclinic arsenic trioxide
(claudetite) does to AssOg, although the crystal
structure of claudetite is not yet known.

It is interesting to note that Medlin? obtained
for orpiment the following interatomic distance
peaks: 2.24 A. (somewhat asymmetric), 3.46 A.,
and 4.39 A., from the radial distribution treat-
ment of x-ray powder photographs. Although
the close agreement with our radial distribution
function is apparently coincidental, this tends to
indicate that the bond lengths and bond angles
in the orpiment crystal are not subject to severe
deformation during the process of volatilization.

Sulfur Nitride.—The electron diffraction pat-
tern of the sulfur nitride molecule SiN, is rep-
resented by curve V of Fig. 5. The radial dis-

tributjon function R calculated for this visual
(27 'J. Buerger and S. B. Hendricks, Z. Krist., 98, 1 (1937).
(28)° W. V. Medlin, Turs Journat, 58, 1590 (1936).
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while, the relative sizes of the first
two peaks might have some sighifi-
cance which must be taken into
consideration. At any rate8lour
radial distribution function indi-
cates that the sulfur nitride hble-
cule is rather compact, since no
important long distance in the
molecule is shown by it.

The height of the first peak and
its shape would exclude all models
involving either more than one direct bond be-
tween the sulfur atoms or more than two N
bonds. Hence the structural formulas IT asfd:
IV are very improbable. Formula III, on §
other hand, is not likely to be correct sincé]
the radial distribution function indicates that
there is no important distance longer than 3.1 A0
in the molecule. Jaeger and Zanstra’s modeH
(V) is also not acceptable, because even if thH&
N—S bond length and the size of the mnitrbd
gen bisphenoid should be made more reasoph
able, the interatomic distance spectrum of 1
radial distribution function could not be fittéd*
at all. As a matter of fact, we have not be¢ _'
able to find any satisfactory models consisting
of two interpenetrating concentric bisphenoids '0f”
nitrogen and sulfur atoms. g

Formula VI represents a limiting case of one, é&i
the several plausible configurations which
be derived from a regular puckered eight-ring
alternate sulfur and nitrogen atoms by systems
atic distortions. Calculations were made for
planar models of formula VI with N—S =]
A.and S—S = 2.08 A. and 1.88 A., respectieln
The theoretical curves A; and A: are showglzito
Fig. 5; and the corresponding interatomier dign
tance-#¥pectra are shown under R. Sincenthe
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inter-rihg distances corft¥ibute less
than one-fifth of the total molecu- 0

AN ELECTRON THHeRACTION:STUDY O SOMRISULFUR COMPOUNDS

lar scattering, the analysis of these T
two planar models suffices to show
that such a configuration, sug-
gested by Arnold, Hugill and
Hutson,® is not likely, insofar as
it is impossible to get a sufficiently
important term at about 3.1 A
The counterpart of such a con-
figuration obtained by the ex-
change of the sulfur and nitrogen
atdbus is equally unsatisfactory.
Joktkgular puckered ring model
whsldirlso investigated. With
Moid§r= 1.62 A.and ZS—N—-S=
Id8¥and the angle £ N—S—N
as a variable parameter,
satisfactory agreement with the
tadigbidistribution function can
bedjokthined (although the relative
heigltta of the peaks are not cor-
teet)p but only with the unreason-
ablyigsnall value 70° for the sulfur
hondangle.
. /T'wo other simple *‘cradle’’ mod-
els; rone the counterpart of the
othery; can be derived from the
puckgred ring configuration. One
¢onsisting of a bisphenoid of nitro-
genatoms and a square of sulfur
atoms was found to be unlikely by
eomparison with the radial distri-
bution function and by calculation
of a theoretical curve for a model
(curve B, Fig. 5) of this type which
most nearly agrees with the radial
distribution function. The limit-
ing form of this structure, obtained
by reducing the N—N distance
0ss the ‘‘cradle” to 1.47 A., the

| ! L | i

— N single bond distance,® can-

1  cal 1 2 3 4 5
not be made to fit the radial dis- r, A, 2
tribution function and at best de- Fig. 5.—Electron diffraction curves for sulfur nitride, SNj: Bt
mands unreasonably small non- v
honded N — N distances and sulfur Configuration 3
bond angles. Essentially the same A, formula VI, planar, S-S = 2.08 A. :
difficulties are encountered with A, formula VI, planar, S-S = 1.88 A. 3
e less symmetrical model analo- B “cradle,” bisphenoid of nitrogen atoms, N-N = 2.55 A. 3
gus to this which would be taken C  Our proposed structure (¢f. Fig. 7) N
aftthe modern realization of form- D “tub” form .
yla. I. The counterpart of this E: “cage” form (formula VII), intervening N-S = 1.62 A. i
Seradle’”’ configuration, comsisting E; “cage” form (formula VII), intervening N-S = 1.74 A.

of a bisphenoid of sulfur atoms and

3gquare of nitrogen atoms, is, on the other hand, a
promising configuration. A model with N—S =
héBA., £ S—N—S =112°, and Z N—S—N =
HBfi(the distribution of the sulfur atoms is tetra-
hegdral in this model) gives curve C of Fig. 5;
the corresponding interatomic distance spegtrum

tlis 8
o7(20)eV. Schomaker and . Du-Paiitevetbdm ifns JournaL, 63, 37)
(1941): P. A. Giguére and V. Schomaker, ibid., 65, 2025 (1943)}0:01)

Jd ba

is shown under R. Quantitative comparison of,
the observed features and those calculated for,
this model is given in Table III. 3

Models of the ‘‘chair” and of the ‘“‘tub” formiy
derived from the puckered ring configuratiom
were also considered but were found todbe un4
satisfactory. Curve D of Fig. 5 was ealéuinted:
foriia ‘“‘tub” model involving four ecopliinzr!



TaBLE III
SuLFUR NITRIDE

Min Max. Qobs. qc a6/ dobs.
1 8.90 9.0 (1.011)
2 12.24 11.7 (0.956)
2 16.02 16.0 .999
3 20.60 20.6 1.000
3 24.83 25.7 (1.035)
4 28.32 29.3 (1.034)
4 31.53 31.8 1.009
5 35.95 35.6 0.990
5 39.42 39.7 1.007
6 43.54 43.5 0.999
6 46.23 46.8 1.012
T 49.14 49 .6- 1.009
7 53.51 53.6 1.002
8 57.12 57.6 1.008
8 60.85 61.5 1.011
9 63.96 64.0 1.001
9 67.43 67.0 0.994
10 72.38 71.5 .989
10 75.92 77.3 1.018

11 81.3
11 81.67 84.3 (1.032)

12 87.2
12 91.2 91.1 0.999
Average 1.003
Average deviation  0.007

“cis' groupings S—N—S—N with N—S = 1.62
A and £ S—N—-S = £ N—-S—N = 112°

In order to obtain fair agreement with the radial
distribution function it is necessary to distort
this configuration toward the “cradle” form
(Model C), and good agreement with respect
to the relative heights of the peaks of R cannot
be obtained without approaching the “‘cradle”
form very closely. Similar difficulties were in-
volved in the “chair” structure.

The “cage” structure represented by formula
VII should consist of two interpenetrating but
not concentric trigonal pyramids of nitrogen and
sulfur atoms. Calculations were made for
models with N—S = 1.62 A, £ S—N—-8 =
£ N—S—N = 112° for the two end groups NS;
and SN; and the intervening N—S = 1.62 A.
and 1.74 A., respectively. The theoretical in-
tensity curves E; and E; are given in Fig. 5
together with the corresponding interatomic dis-
tance spectra. Since five parameters (namely,
three distances for the S—N bonds and two
pyramidal angles) are required to describe this
structure if it has symmetry Csy, it should be
possible to construct models with this *‘cage”
configuration in satisfactory agreement with the
diffraction pattern. Nevertheless we believe that
this configuration may be rejected by considera-
tion of the following plausible bond structures
which makes it difficult to understand how the
N—S bonds could have such a considerable
amount of double bond character as is indicated
by the short average bond length 1.62 A. sltis

4o
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Yadital .
also to be noted that this structure could hardly
account for most of the chemical properties of
sulfur nitride. '
The electron diffraction data alone are not suffi-
cient to establish with certainty the “cradle”
model for sulfur nitride, and, as a matter of fact,
it would seem to be not altogether impossible:to
construct models of other configurations which
wotild be compatible with the diffraction patteth.
We shall, however, make no further attempt to
exhaust all the possibilities. i
Realgar.—The electron diffraction pattern of
the realgar molecule As;S; is represented by the
curve V of Fig. 6. The radial distribution funed
tion R calculated for this visual intensity curwa
gives a sharp peak at 2.23 A., a small peak 'ds
2.55 A., a strong but broad peak at 3.50 A., andod
very weak and broad peak at about 4.75 A.;
it resembles the radial distribution function fip
orpiment (Fig. 4) to a certain extent. The fik80
peak at 2.23 A. must arise from the As—S boifi]
Since 2.23 A. is very close to the single bR
value 2.25 A. found in the orpiment molecHl®y
the As—S bonds in the realgar and the orpirH€i$
molecules probably have comparable amountH!@#
double bond character. The small peak at 2168
., if it is significant, may be interpreted as dd@
to As—Asbonds. The next peak seems to con
of at least two unresolved interatomic distances,
one of which is an As—As term. According 10
this interpretation the bond angle £ As—S—ASd
is apparently not greater than 106°. This mdy
be taken as an indication that as far as bondi
is concerned the sulfur atoms in the re;a_il?
molécule are more like those in dimethyl disulfi@€&
(107°)® and in sulfur (105°) than like s
in sulfur dioxide (120°).3' It is interesti
note that there is no important long dist:
the realgar molecule. sh )
The formulas II-IV suggested for the saifith
nitride molecule could also be formulated for il
realgar molecule. None of them, however, coulfi®
be made to fit the radial distribution functiof#
A regular puckered eight-ring of alternate arsenitf
and sulfur atoms is also not acceptable. Since
the bond angle Z As—S—As is small relative t@
the tetrahedral angle we were unable to construct
a satisfactory ‘‘cage’” model. q
On the other hand, a ‘‘cradle”’ configuratiod
consisting of a bisphenoid of arsenic atoms and 4
(30) D. P. Stevenson and J. ¥. Beach, THIS JOURNAL, 60, 287d
(1938).
(31) P. C. Cross and L. O. Brockway, J. Chem. Phys., 3, 821

(1935); . V. Schomaker and D. P. Stevenson, THIS JoURNAL, 62, 170
(1940). e R i io(reer)
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sgapte of sulfur atoms (involving
rgpprangement of bonds in the
foginula proposed by Szarvasy and
Messinger!!) was found to be plaus-
ible. Theoretical intensity curves
A—C were calculated for. such
“cradle’” models with As—S'.=
2.23 A, As—As = 2.44, 2,49, and
2.55 A., respectively, and the
weighted average value of the
longer As— As and As—S terms at
about 3.50 A. These are shown in
Fig. 6. _urve B reproduces the
qualitative features rather satis-
fagtorily. Quantitative compari-
sor-of the observed and the calcu-
lated features is given in Table IV.
As in the case of sulfur nitride, no
attempt is made to exhaust all the
possible models of other configura-
tions that are compatible with the
gliffraction pattern.
Il,ncidentally it is to be mnoted
at Medlin, from the radial dis-
yution treatment of x-ray pow-
" photographs, obtained for
algar the following interatomic
stance peaks: 2.16 (somewhat
mmetric), 3.54 and 4.52 A.
e, agreement with our finding
et at all disappointing.

“hamy TaBLE IV
v 2in
tadd REALGAR -
p )i”h:. Max. Qobs. B
r 1 7.29 7.6
2 9.75 9.4
2 12.45 12.3
3 . 15.79 15.6
3 18.49 18.7
4 21.94 22.0
4 24.13 24.3
5 26.28 26.5
5 29.75 20.5
6 33.09 32.6
6 36.15 35.7
T 38.08 38.3
7 39.74 40.5
8 43.47 43.4
8 46.91 47.0
9 52.22 - 52.5
9 56.65 57.1
10 61.06 60.7
- 10 65.21 65.6
5 11 69.05 69.5
L 11 72.69 74.0
T 12 77.63 78.9
12 82.12 83.1
. 13 86.71 86.5
w1l 13 90.2 90.0
Bl Average
" Average ‘drivddtion

AN ELECTRONGDERRAMOHPIuDY OF SOME SOLFUR COMPOUNDS

q.
20 40 60 80

[ . I | |

r, A.

Fig. 6.—FElectron diffraction curves for realgar, AsSy:

A
B
c

As-Asg, A. non-bonded As-As, A. non-bonded As-S, A.
2.44 3.45 3.58
2.49 3.45 3.61
2.55 3.43 3.66

All models have configuration as in Fig. 7, bonded As-S = 2.23 A.

aB/Gobs.
(1.043)
(0.964)
.988
.988
.011
.003
.007
.008
.992
.98H
.988
.006
.019
L998
002
.005
.008
994
006
007
018
.016
012
.998
.998

O =

—

OO = O ==

0.008, 4.

Discussion

The structure of the sulfur molecule is essen-
tially the same as that in the crystal, as was to be
expected. The large thermal libration of the
puckered sulfur molecule is apparently asso-
ciated with the flexibility of the eight-ring struc-
ture. In orpiment the bond angle £ As—S—As
(100 = 2°) is found to be much smaller than the
corresponding angle £ As—O—As (128 = 2°)
in the As;Os molecule. This effectively draws
the neighbors to the arsenic atoms closer without
perturbing the codrdination of the sulfur atoms
to an unnecessary extent.  The double bond
character of the As—S bonds is also diminished..

Our results on the sulfur nitride and realgar
molecules are gratifying insofar as these help to
make another step forward in the solution of these
two unsolved problems in structural chemistry.
These structures cannot yet be established with
certainty, although several of the structures pro-
posed by previous workers are definitely eli-
minated. We believe that a detailed analysis of
the crystal structures of sulfur nitride and realgar,
which should be simplified by our present results,
will lead to the ultimate solution of these two
problems. (The ease of sublimation of these
substances and their solubility in several organic
solvents indicate that the crystals are molecular.
It seems, likely that the structures in vapor and
qustallavensboilazshb Wartime duties, however,

b4y




prevent us from undertaking an extensive x-ray
investigation at this time.

FWe have shown from our electron diffraction
data that ‘‘cradle” structures lead to satisfactory
models (Fig. 7). For the sulfur nitride molecule
this “cradle’” model consists of a bisphenoid of
sulfur atoms and a square of nitrogen atoms,
with N—§ = 1.62 A, £ S—N—S = 112°, and
£ N—S—N = 106°. For the realgar molecule
the vertices of the bisphenoid are occupied by the
arsenic atoms instead of the sulfur atoms, and
these arsenic atoms are connected by single bonds.

‘The dimensions are as follows: As—S = 2923 A
=0.02 A), As—As = 249 (=0.04 A), £
s—S—As = 101°, £ S—As—S = 93°, and

Y S—As—As = 100°.

SULFUR NITRIDE

REALGAR

s (O Oz‘“ ()-s

Fig. 7.—The molecular structures proposed for realgar
and sulfur nitride.

Our “cradle” structure for the realgar molecule
is conventional as is indicated by the bond struc-

ture D and the observed bond lengths. Its
S—As S
PO T
T -
D.

simple relationship to the structure of the As:Ss
molecule is borne out by the fact that orpiment
and realgar can be easily converted into one
another at high temperatures. The conversion
of realgar to orpiment would involve simply in-
serting a sulfur atom between each As—As pair.
Moreover, the chemical reactions of realgar are
in general typical of sulfides and trivalent arsenic
compounds.

If the arsenic atoms of this model for the realgar
molecule were now replaced by nitrogen atoms
and the N—N bonds across the “cradle” were
made practically single bonds, then in order to
make the side of the sulfur square ca. 2.7 A. in
length the non-bonded N—N distance and the
sulfur bond angle would have to be too small to
be reasonable; also, the stronger tendency of the
sulfur atoms (compared with the nitrogen atoms)
toward high coérdination would never be realized:
The ‘“‘cradle’” model for the sulfur nitride mole-
cule, on the other hand, doesshotzinvelve any
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such difficulty, although it should be noted that
the S—S distances in this model are much shortet
than the ordinary van det Waals separation (3.7
A.%). Qur structure probably involves resd
nance among the following bond structures, fu:
cluding some of those in which sulfur has a decet
of electrons, and other less important ones.

+ +

N—S—N: :N—S—N:

T N

| [ ] R S
—S= N—S—N N=S—N: N—S—N:;
g T | | | |

@ s W B S :S: S: S

N=S=N N=§-—N ] l UL

| | [ ] 1 —S—N: N—S—No-

A Rl

N=S=N  N—S§=N G H ’:
E F 4

Of these structures E is probably the most i
portant. Hence each N—S bond is expecnh
to have about 259, double bond character, wh1

is borne out by the short bond length of 1.627,
The bond angles, ca. 112° for £ S—N—S a
106° for £ N—S—N, are also reasonable for this
type of bond structure. However, it must be
pointed out that the deviation of the S—N — S—N
groupings from the “‘cis” conﬁguratmn is great
(ca. 58°). Since a similar situation is found in
the similar compact structures of As,Qs, PiOk
and P40y molecules, where it has been argued?®
that the bonds have considerable amounts of
double bond character, it may well be true that
the coplanarity condition for the configuration
of such groupings is not stringent when other
than first first-row atoms are involved because
of the available d orbitals for bond formation.
It should also be noted that the short S—S
distances across the ‘‘cradle” (ca. 2.69 A.) give
an indication of the importance of the ‘bond
structures F, G and H. We believe that the
stability of such structures as these and the
choice between the two ‘“cradle” structures for
the sulfur nitride and realgar molecules depends
to a large extent upon a delicate balance between
the difference in sizes, codrdination tendencies,
and multiple-bond-forming powers of the two
kinds of atoms on one hand and the difference in
their electronegativities and the distribution of
formal charges on the other. This helps us to
understand why such molecules as N,O4 and PsS,
are unstable and are not known to exist.

It may be mentioned that our “‘cradle” struc-
ture for the sulfur nitride molecule is rather closely
related to Arnold, Hugill and Hutson’s model,?
and also to the formula IV proposed by Ruff
and Geisel® and supported by Meuwsen.* It is
accordingly not surprising that our structure ac-
counts satisfactorily for the chemical considera-
tions Ruff and Geisel,®> Meuwsen,* and Arnold,
Hugill and Hutson® brought forward to support
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their respective formulas. Thus when sulfur
nitride is hydrogenated the resulting substance
H4N.Ss, ' presumably has a ring structure with
alternate sulfur and (imino) nitrogen atoms.
(The structure of HsN4S, reported by Jaeger and
Zanstra® cannot be correct for the same reasons
which we have discussed in regard to their struc-
ture of sulfur nitride.) In the formation of the
thiotrithiazyl ion® (NgSi)* on boiling sulfur
nitride with acetyl chloride, the “cradle” struec-
ture with its eight-ring is apparently torn open,
giving rise to an ion having possibly the following
chain structure: =N — t5=N—8§—N=S, which
derives its stability from resonance between two
identical bond structures. The molecule is also
degraded on chlorination with the formation of
(SNC1)3,* which possibly has the structure

“w/

The existence of (SNCl), is probable, although it
has not been definitely established. Regarding
the formation of coérdination compounds of sulfur
nitride with metallic chlorides such as SnCly
and MoCl,*? Arnold, Hugill and Hutson’s ex-
planation® in terms of a ‘“‘unique” sulfur atom in
the sulfur nitride molecule is by no means neces-
sary.

(32) O. C. M. Davis, J. Chem. Soc., 1575 (1906);
Z. anorg. Chem., 57, 280 (1908).

H. Wobling,
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We wish to thank Dr. V. Schomaker for help-
ful suggestions and illuminating discussions.

Summary

Sulfur (Sg), orpiment (As,S;), sulfur nitride
(SsNy), and realgar (AssS;) were studied by the
method of electron diffraction. The Ss molecule
is a regular puckered-ring with S—S8 = 2.07 =
0.02 A, and £ S—S—S = 105 = 2° and it
exhibits a rather large amplitude of thermal vibra-
tion. Orpiment sublimes at high temperatures,
presumably to give As,S; molecules which have
the As;Oq structure and the following dimen-
sions: As—S = 225 = 0.02 A, Z As—S—As
= 100 = 2° (£ S—As—S = 114 = 2°). The
molecular structures of sulfur nitride S;N; and
realgar As,S,; cannot be established with cer-
tainty from the electron diffraction data alone,
although several structures proposed by previous
workers are definitely eliminated. We have
shown that cradle-shaped configurations of an
alternating eight-ring lead to satisfactory models.
For sulfur nitride this “cradle’” model consists of a
bisphenoid of sulfur atoms and a square of nitro-
gen atoms, with N—S = 1.62 = 0.02 A., S—8
=2.69A, £S—N—-S=112°and £ N—-S—N =
106°. For realgar the model consists of a bi-
sphenoid of arsenic atoms and a square of sulfur
atoms with As—S = 2.23 = 0.02 A., As—As =
249 = 0.04 A, and £ As—S—As = 101 = 4°
(£ S—As—S = 93°; £ S—As—As = 100°).
These results are discussed, special attention be-
ing given to the unconventional sulfur nitride
structure and its relation to the realgar structure.

PasaDENaA 4, CALIFORNIA RECEIVED JANUARY 24, 1944
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The Structure of Spiropentane

By JErrY DONOHUE, GEORGE L. HUMPHREY AND VERNER SCHOMAKER

Murray and Stevenson'! have prepared a CgHs
hydrocarbon by the debromination of penta-
erythrityl bromide with zinc dust. They as-
signed to this substance the spiropentane struc-
ture (I) on the basis of its Raman spectrum,
chemical properties, and method of preparation.
We have confirmed this assignment of structure
by an electron diffraction investigation carried
out on a sample of the new hydrocarbon supplied
us by Dr. Murray.

Experimental.—The electron diffraction ap-
paratus used in this investigation has been
described by Brockway.? The -amera distance
was 10.86 cm., and the wave length of the elec-
trons, determined against zinc oxide smoke,?® was
0.0609 A. Photographs taken with the sample
at 0° showed features extending to g values of
about ninety-five (g = 40/ sin ¢4/2).

Interpretation.—Both the radial distribution
method* and the correlation method® were used
in interpreting the photographs. The radial dis-
tribution curve was calculated with the equation

dmax
rD@r) = Z I(g)e—ea? s'm(lwo rq)
g=1
where ¢ was so determined that e—%?" equals
1/10 at ¢ = 100. The values of I(g) were taken
from curve V (Fig. 1), which was drawn to repre-
sent the appearance of the photographs. The
unobservable first feature (dotted) was drawn to
agrec approximately with the theoretical curves.
Theoretical intensity curves for the correlation
treatment were calculated using the simplified
theoretical scattering formula

2 _;Z_, e—bija? sin(% rc;q)

i3 M

i(g) =

(1) M. J. Murray and E. H. Stevenson, THis Jour~NaL, 66, 812
(1044).

(2) L. O. Brockway, Rer. Mod. Phys., 8, 231 (1936).

(3) C.S.Luand E. W. Malmberg, Rev. Sci. Insir., 14, 271 (1943).

(4) L. Pauling and L. O. Brockway, Tuis JournaLr, 59, 2181
(1937); R. Spurr and V. Schomaker, ibid., 64, 2693 (1942).

(5) L. Pauling and L. O. Brockway, J. Chem. Phys., 2, 867 (1934).

"

The temperature factor b was given the value
0.00016 for bonded C-H terms, 0.0003 for non-
bonded C-H terms, and zero for C-C terms.
These calculations were made with punched cards
on International Business Machines.

The radial distribution curve, R of Fig. 1,
shows maxima at 1.09, 1.49, 2.19 and 2.77 A., and
ashelf at 3.0 A. This curve is in complete agree-
ment with the spiropentane structure, as shown
by the heavy vertical lines representing the vari-
ous distances and their amplitudes in the finally
accepted model. Direct estimates of the angle
parameters of the spiropentane structure (I) can
easily be made with the information provided by
the radial distribution function. The average
C-C bond distance 1,49 A. and the non-bonded
C---C distance 2.77 A. correspond to a CyCiCy
bond angle of 61°. Taken with these data, the
C-H distance 1.09 A. and the shortest non-
bonded C--H distance 2.19 A. then imply an
HCH bond angle of 121°,

Theoretical intensity curves were drawn (Fig.
1) for various models of the spiropentane struc-
ture (I) with a molecular symmetry of Dsyy —

42m, with the reasonable assumption that the
plane of £ HCH bisects £ CCC. There are
then three parameters which determine the con-
figuration of the molecule. These were taken as
ZCQCaCl, LHCI‘I, and the ratio C—H/CZ—C3.
These parameters were varied in a systematic
fashion. Since the curves are relatively insensi-
tive to changes involving the hydrogen atoms
only, the second and third parameters cannot be
determined with great accuracy. Thus if ZCy-
CiCy = 61.5° and C-H/Cy—C; = 1.08/1.48, then
comparison with the appearance of the photo-
graphs show that ZHCH = 120 = 8°, whereas
if C-H/Cy-C;s = 1.08/1.48 and ZHCH = 120°,
£CyCyCy = 61.5° with an uncertainty of only
about omne degree. With a longer or shorter
C-H distance and/or an HCH angle differing
considerably from 120°, however, the range of

-
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ﬁC,C;C; in which agreement can be obtained is
increased; for example, a C-H distance of 1.12
A.,a larger ZHCH, and a larger £ C,CyC; would
give a curve in fairly satisfactory agreement with
the photographs, as can be seen by referring to
Fig. 1. But by virtue of the existing knowledge
of hydrocarbon structures and the confirmation
yrovzded by the radial distribution, we believe it
i¥'reasonable to assume for the formal statement
our results that C-H/Cy,—C; does not differ
sighificantly from 1.08/1.48 and that ZHCH lies
somewhere within the range 120 = 8°. With
thiese restrictions qualitative consideration of
all the theoretical scattering curves and quanti-
tative comparison of the observed ¢ values with
calculated g values for the best curve H as
ﬂm in Table I leads, in agreement with the
ial distribution function, to the following
ctural parameters and probable limits of
error: C-H = 1.08 A. (assumed), ZHCH =
120° = 8° (assumed), (C—C)av. = 1.49 = 0.01
K., and £CyCsCy = 61.5 = 2° (C-C3 = 1.48 =
0.03 A, Ci-C; = 1.51 = 0.04 A.).

TABLE 1
Min. Max. Tobs. 78 qu/dobs.
1 5.29 6.0 (1.184)
1 7.86 7.6 (0.967)
2 11.91 11.56 ( .966)
2 16.94 17.0 1.004
3 19.66 19.6 (0.997)
3 22.18 21.0 ( .947)
4 26.00 25.5 .981
4 30.42 29.8 .980
5 34.87 34.9 1.001
5 38.81 40.0 (1.031)
6 41.84 41.8 (0.999)
6 45.03 44.7 .993
7 49.62 49.7 1.002
7 53.58 53.4 (0.997)
8 55.47 55.5 (1.001)
8 58.25 58.4 1.003
9 63.95 63.1 0.987
9 68.20 68.3 1.001
110 70.73 70.6 0.998
bis 10 73.60 72.4 .984
11 77.91 77.1 .990
11 81.88 81.9 1.000
12 90.64 90.7 1.001
12 95.50 96.0 1.005
CHIDG Average (fifteen features) 0.995

ui |
1tk
By means of the radial distribution function,
and with the help of theoretical scattering func-
tions, including those calculated for the investi-
gation of methylenecyclobutane®” and 1-methyl-
cyclobutene,® we have attempted an exhaustive
consideration of the possibility that some other
plausible CgHg structure might be in agreement

(8) W. Shand, V. Schomaker and J. R. Fischer, Tms JOURNAL, 66,

636 (1944).
(7) S. H. Bauer and J. Y. Beach, ibid., 64; nm'uoﬁr*‘ (&5

Average deviation .008

THE STRUCTURE OF SPIROPENTANE

Fig. 1.—Electron diffraction curves for spiropentane (I):

Z CaCaCy ZHCH C-H/Cy-Cs

58.5° 130° 1.09/1.49 A

120° 1.09/1.49 B

60° 130° 1.12/1.49 C

1.09/1.49 D

120° 1.06/1.49 E

61.5° 130° 1.09/1.49 F

P 120° 1.12/1.49 G

)= o 1.09/1.49 H

o 1.06/1.49 I
o Jioe 1.09/1.49 g

63° 130° 1.09/1.49 K

120° 1.06/1.49 L

64.5° 130° 1.09/1.49 M

1,1,1-Bicyclopentane (II) N

Visual curve v

Radial distribution curve R

with the diffraction data. On the basis of chemi-
cal and spectral evidence, Murray and Stevenson
concluded that their substance contained no
multiple bonds, and must therefore be bicyclic.
Among the bicyclic CsHs structures there is none
except spiropentane which can be made to agree
with  thewdiffiraction. data. .0Id iparticular,’ the
configuration of 1,1,1-bicyclopentane (IT), whiéh’
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is not definitely excluded by consideration of the

Raman spectrum,® is in marked disagreement
ith the radial distribution integral for all pos-
ible vdlues of the bond angles. In order to illus-
rate the great disagreement with the observed
iffraction pattern, we have calculated a theo-
etical scattering curve (N of Fig. 1) for a model
f this molecule with all C-C-C bond angles

équal. It is obvious that no reasonable variation

of the angles would improve the appearance of
the curve, (The stringent geometrical condi-
tions on the C-C—C angles in the structure make

t improbable that any of them could possibly
iffer by as much as 10° from the value 82° used
for curve IN.)

| The radial-distribution function, often merely

i:y virtue of the large bond angle of ca, 138° in-

dicated by the peaks at 1.49 and 2.77 A., imme-

diately excludes the other bicyclic structures, as
well as all plausible CgHs structures containing
multiple bonds, except 1,2-dimethylcyclopropene-

1, for which it is easy to set up a satisfactory

planar model with C-C = 1.49 A. and C=C =

1.34 A. Nor is it entirely certain that agreement

could not be obtained for 1-thylcyclopropene-1.

However, the evidence against a multiple bond

structure presented by Murray and Stevenson

seems conclusive, so that it and the electron
diffraction data together afford definite proof of
the spiropentane structure.

Discussion.—In spiropentane the deviations
of the carbon bond angles from the normal tetra-
hedral values are most severe, the central carbon
atom in particular being subject to the double
constraint of having two of its bond angles fixed
at approximately 60° by the three-rings of which
_ it is the common member. It is of some interest
to consider the structural results in relation to
this condition of strain. In the first place, the
average carbon—carbon bond distance, 1.49 A., is
significantly shorter than the usual single bond
distance, 1.54 A. In cyclopropane?® the C-C dis-
tance is 1.525 = 0.03 A., also less than the stand-
ard distance but not certainly so. It is possible

© (8) Private communication from Dr. Murray.
£ (9) L. Pauling and L. O. Brockway, Tims JournaL, 59, 1223
(1937).
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that there is indeed a general effect, correlatable
with bond angle strain, which shortens the bond
distances in three-membered rings by a barely
detectable amount and in molecules with yg-
usually great strain, such as spiropentane, shogt:
ens the bond distances considerably. This
would be somewhat out of the ordinary (decrease
in bond distance usually implies increase in bond
energy or energetic stability and it is certain that
these strained structures are energetically rela-
tively unstable), but would perhaps not be en-
tirely without precedent; ethylene with C=C =
1.353 A.® and allene (to be regarded as more
highly strained than ethylene) with C=C = 1.330
A1l seem to present a fair analogy. It is not
likely that the bonds in highly strained cyclic
compounds should be readily comparable to those
in open chain compounds and it seems probable
that the full explanation of the properties of the
bonds in highly strained molecules with our pres-
ent language will be complex, with hyperconjuga-
tion playing an important role. In the second
place, the interesting question of the distribution
of the shortening of the bonds between the peri-
pheral honds C;—C,; and C4~C; and the central
bonds, to which they are of course not equivalent,
is not completely answered by our results, which
indicate that the peripheral bonds are somewhat
longer than the others but do not exclude either
the possibility that the bonds are all of the same
length or the possibility that the peripheral bonds
are not shortened at all. Finally, the indicated
HCH angle of 120°, being considerably greater
than the normal value of 109%°, suggests that
the methylene carbon atoms relieve some of their
bond angle strain by widening the HCH angle.
If so, then it is possible that the indicated differ-
ence in bond distances, corresponding to the
greater C-C-C angle of 61.5° in the ring at the
central carbon atom, represents in part the effect
of the greater net angle strain on this atom rela-
tive to the methylene carbon atoms with which it
competes for the total angle of the ring. !

The results of Rogowski,!* who reported that
he had prepared spiropentane by the comven-
tional debromination of pentaerythrityl bromide
and identified it by an electron diffraction in-
vestigation, are still puzzling. Whitmore and
Williams,** repeating the preparation of Rogow-
ski, reported that they obtained a mixture of
methylene cyclobutane and 2-methyl-1-butene.
Subsequent electron diffraction and chemical in-
vestigations confirmed the structure of the main
product.®” Comparison of Rogowski's ¢ values
with ours shows that ours are 3.7 = 0.19, higher,
a difference which is much larger than is usually

(10) W. S. Gallaway and E. F. Barker, J. Chem. Phys., 10, 88
(1942). 3

(11) E. H. Eyster, J. Chem. Phys., 6, 580 (1938). With the as-
sumption of Gallaway and Barker’'s parameters for the CH: group
(as found in ethylene) Eyster’s value 97.0 X 1074 g. sq. cm. for the
large moment of inexbigmePnligne leads to C=C = 1.335 A

(12) F. Rogowski, Ber., T2, 2021 (1939).

(13) See footypeterd @arehade dosstl .V T buos weusd 30
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obtained in duplicate electron diffraction investi-
gations. Moreover, if Rogowski actually did have
spiropentane, his neglect to mention the asymme-
tries of the first and second minima and of the third
maximum is very curious, inasmuch as these fea-
tures show very clearly on our photographs. Itis
probably true, as would be indicated by the results
of Whitmore and Williams,!* that Rogowski’s
preparation was a mixture of hydrocarbons.

" We are indebted to Dr. E. R. Buchman for in-
teresting discussion, and to Dr. M. J. Murray for
the sample of spiropentane.
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Summary

The results of an electron diffraction investiga-
tion of the CsHg hydrocarbon prepared by Mur-
ray and Stevenson® confirm their assignment of
the spiropentane structure made on the basis
of the Raman spectrum. The dimensions for
this molecule are C—-H = 1.08 A. (assumed), C,;—
Cs = 148 = 0.03 A, C;—C, = 1.51 = 0.04 A,
Z£CCyCy = 61.5 = 2°, and ZHCH = 120° =
§° ((C—Cave, = 1.49 = 0.01 A).

PasApENA, CALIFORNIA RECEIVED AuGuUsT 7, 1944



The Molecular Strueture of Dimethyltrisulfide,
(CHg)y Sq

The present electron diffrastion dinyestigation was underw
taken mainly to determine whether dimethyltrisulfide is o simple trisule
fide (I), a thiodisulfide (II), or a dithiosulfone (III),

?113 caB\ /‘mz
c c s G 8
3 B /Hfj PN £ > %
8’ 8 s 8 s s
I . Ir IIX

Knowledge of this structure is of interest in comnection with the probe
lems of the constitutiona of the inorganie persulfides and polythionateal
as well =3 of the alkyl polysulfides®, and the Thiokols?, With the ex~
geption of the trithionate ioné, 035=8-803", there:is no direet structural
evidence which settles the question of whether the molecules of these sub-
stances have the chain configuration or are related to II or iII. In the
case of the disulfides HS,, S,0ly, and (CH.'B )2S,, the existing evidence
from electron diffraction favors chain structures for all three
moleouléa5'6!7.

— Experimentsl.~ The sample used in this investigation was pro-
vided by Professor R, C. Fuson, It was pale yailow in color and was used
without further purification. Excellent electron diffraction photographs
were made in the apparatus described by Brockwaya with the use of‘the high
temperature nozzle?, At the end of each run the boiler and remaining

liquid were examined; no corrosion of the boiler and only slight darkening
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of the liquid were observed, indlcating that very little decomposition
ocourred,

Wﬁwm- The characteriatic
features of the photographs are represented by curve of Fig, 1, which
was drawn, in accordance with the measured ring diameters, so as to have
the general propertiea of theoretical intensity eurves ealoulated with
the simplified expression

Z,2 2 Ll
I - E wlw ( gin (— »r °
(a) i ":ljj expfby 3q°7) S TR
The radial distribution integrallQ, curve RD of Fig, 1, was

caleulated by use of the formula rD(r) = L. 1(q) exp{-ac®) sin (i’l ar).
q=l 0

with exp(--a(loo)z) » 0,1, The integral has maxima at 1,78 i, 2,04 2,

2.45 %, 3.02 ® (very broad, asymetric peak), and 4.0 R (very broad, small
peak), Of these peaks the first two may be interpreted as representing
respectively the bonded C«S and S-S distances, the third the non-bonded
See.H distance, and the asymmetric fourth the non-bonded C...S and S,..S
interations, The interpretation of the weak maximm at 4,0 % 1s diseussed
below,

An extensive investipation of the stralght chain strueture I
by the correlation procedure was made, For structurs I four parameters
are required to define the structure if the positions of the hydrogen
atoms are assumed and if the long, rotation-dependent, C...S distance is
neglected, These may be chosen as: 1) bonded C=S; 2) bonded SwSj
3) non-bonded S...S; and 4) non-bonded C...S.

The first two of these parameters may be determined directly
from the radial distrlbution integral, As a check on the accuracy of this
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FPig. 1. Electron diffraction curves for dimethyltrieulfide. Chain models,
melecular parameters for the various models are: for all models,
O-H = 1,09 A; 5-5 = 2.0% A; S...E = 2.45 A; 0...5 = 3.02 A; 8...8 =
3.22 A (L 8-5-8 = 104°); by . = 0.00016; other parameters varied

as followsa:

nodels 0=8 bs...m (L C=8-8)
A 1.83 0 102°45!
B 1.81 0.0003 103°30°*
0 1.78 0.0003 104
D 1.75 0.0003 105
B 1.73 0 106°30°
A1l other hij = 0, The long O...5 term, with b = (0.0009, was included

for models B, &, and D, and neglected for the other models.




determination, twenty-one intensity curves, some of which showm in Fig, 1,
were calculated for models with vnrying‘ratioa between these two distances,
In these models ths S-S distanse was held at 2,04 1 and she average of

the non=bonded CG.,.3 amd Ssee8 distances was kept in agreement with the
broad maximm of the integral at 3,0-3,2 1, Best agreement batween the
caleulated curves and the sppearance of the photographs was obtained for
models with C=S = 1,78 i as was expected, changss of 0,03 i giving marked
discrepancies, :

The determination oi‘ the two remaining parameters iz a more
diffioult problem since the terms which are invelved in thei;"variation
eontribute only about 20% of the total scattering, Since the term repre~
senting the two nonwbonded C.,.S distanses and the term for the non-bonded
Ses08 distence are of nearly equal weight, it is impossible to distingulsh
between them, For example, a curve calculated for a model with £ S«=S«8 =
L S=58=0 w 1040 ie indistinguishable from one caleulated for a model with
L BaimS @ 9540, [ S=8-C w 1159, However, it is appropriate to choose
SeeeS > CqasseS s0 that the sulfur bond angles £ SwS«S and £ S«3«0 have
similar Val_ueu, and this is done in the following analysis, |

Twenty=-two seattering' gurves, some of which are shown in Fig, 2,
were calevlated for models with varying values of these distances, It
was found that it ie not possible to obtain theorstical scattering eurves
in agreement with the appearance of the photographs unless 1) a distance
at 4,0 % as suggested by the radial distribution integral is included in
the inteneity formula and 2) the 8,,.S distance is given a raﬁher severe
temperature fastor, The distansce at 4.0 )3 sorresponds te the two longer
non=bonded C,..S distances in a noneplanar model with the CwS bonds




L | | 1 | |

0 20 4o a 60 80 100

Fig, 2. BElectron diffraction curves for dimethylirisulfide chsain models;
molecular parareters for the various models are: for all models, C-H =
1,09 R; C-8 = 1,78 8; 8-8 = 2,04 £; 8...BE = 2. U5 &; v = 0,00016;
all other b 2" 0 except for models J and M, for whi "'Hhs._.s =

0.0003; other parameters varied as follows:

F 3.10 3.10 99° lo08®20!
¢ 2.96 3.10 99° 101°30!
4 2.97 2.14 100%30°0 101¢
1 3.02 3.17 102° 104°
J 3.08 3.20 103° 105°4o°
X 3.02 3.22 1ohe che
L 2.98 3.22 ohe 102°
u 3.05 3.25 105°30!" 105°uU0 "
B 3.00 3.25 105%30° 103%20°
The long 0...5 term, with b = 0.0009, was included for models
J and M, and neglected for the other models.




rotated by 106° out of the plane containing the three sulfur atoms, This
is Just the angle of twist between the O-H bonds in hydrogen peroxide,
as deduced from the orystel structure of Bzoz.urean-. iUnless this
distance is included in the c¢aleoulation, the charaster of the first maxi-
mum and sdjacent minima leg in definite disagreement with the appesrance
. of the photographs and curve V, the theoretlecal ecurves having their shawp
first ninima just at the observed position of the weak first maximum, and
& weak shoulder (which might be interpreted as corresponding to the obe
served first ninimm) at the observed position of the second minimum,
This diserepancy can not be regarded as merely a difficulty in interpre-
ﬁat:lon, in view of our knowledge of the appearance of eleetron diffraction
photographs and thelr interpretation, but must be regarded s conclusive,
dﬁ the gurve for the accepted model, O, on the other hand, thé positiong
of the features corresponding to the measured first and second minima
and the first mezximum are satisfactory, The relative depths of the indie
cated first and second minima, also, are in better agreement with curve V
then on the ourves caloulated without a 4,0 4 term, The agreement is not
perfect either in this respect or for the magnitude of the first maximum,
which on the photographs is clearly vislble, although very weak, but on
curve O is :!.ndicatéd only as a region of unusually small upward curvaturej
however these discrepancies do seem to represent difficulties of interpre-
tafion.

| Similar differences between the correct and the obvicus inter
pretation of a weak inner ring - the ring appsaring stronger on the |
photographs than would be suggested by the correct theoretical curve, or
the apparent relative depths of the adjacent minime being different from
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that shown by the theoretical curve —- have been previously observed in
the case of nmumerous other compounds of which propmelz is an example,
Curve Z3Zj, for which the customary coeffiolients ZgZy/ryj were replaced
by Zj_ZJ was saleulated to illustrate the notion that the apparent strength
of the weak -~ and also relatively sharp - imner ring may be enhanced by
a tendency of the eye to detect more readlly the higher frequensy come
ponents of the patiern,

It appears that in general the appearance of the inmermost
rings of slectron diffraction photographs can not be so simply interpree
ted in terms of simplified theoretical intensity curves as can the rest
of the pattern, perhaps in part because of the very rapid change of
total intensity with change in seattering angle at small scattering
angles, and that it is never justifiable te make important use of an
inner feature = such as weak inner ring = without reference to similar
features on the photographs of othor substances of Inowm structure, In
addition to propane, we have here made particular referenge to the photo-
graphs and curves of cyclopropane, ethylene imine, and ethylens -ox.tdeu,
which show somewhat similar inner rings to that of dimethylirisulfide,

Curve 0 was caleulated with the followlng values of the temw
perature factor b: CeH g 0,000165 S...H 1 0,0003;3 5S...5 t 0,0003;
long C...5 : 0,0009; all others ¢ zero, except for the remaining distances
invélving hydrogen, which were neglected, Curves G and P are ldentical
with curve O except that the values mero and 0,0009, respectively were
used for bs.“s. Curve C is wmsatisfactory in regard to a number of minor
details in the region 35<¢ Q< 60 of which one regarding the relstive inten-
sity of the fourth ring can be seen most clearly in Fig, 3, Cwrve P is
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Fig. 3. Blectron diffraction curves for dimethyltrisulfide. Iegend on

the following page.




Fig. 3 (Continued)
Holecular parameters for the various models are:
O-H = 09 A; 0-8 = 1,78 4; 5-5 = 2.04 £; 5...H = 2,45 A;
long 0...8 = L.00 A; by, ..g = 0.00016; other parameters
varied as followes

chain models I

"s...8 Ps..s  Piomgc...s

K 0 : 0 tern omitted
o 0.0003 0 0.0009
0 0.0003 0.0003 0.0009
b 4 0.0003 0.0009 0.0009
212: 0.0003 0.0003 0.0009

CeeoS = 3,02 & and 8...8 = 3,22 & for all chain models

dithiosulfone models 11l

S...8 0...8 (£ 0-5-0)
Q 3.02 3.12 1199301
R 3.12 3.02 1340
8 3,02 3.22 102°
T 3.22 3,02 132930°

thiodisulfide models II

U 3.22 3.02
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Table I

Sobs

hef2

6,61

8,52
13.35
17,73
21,59
25,7
29,37
33.85
37.86
42,03
45,93
50.93
56,19
60,92
65,17
70,51
75.78
81,50
86,12

91,33
96,74

average deviation
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%o

13.2
17.7
21,6

29.0
33.0
37.3
4le5
46,2
50,9
55.9
€0,.8
65,7
70.6

76.3
8l.2

85.8

9l.2
96.6

average

qO/qun

0,989
.998
1,000

0,988
«I73
+985
« 987

1,006

0.999
«995
. 998

1,008

1,001

1.007
0.996

.99
999
0,996
0,006




only slightly less satisfactory than curve O, This indication of a
relatively largs value required for bg , g is rather surprising, We
know of no other moclecules in which the tempersture effect 1s so large
for a distance botween heavy atoms bonded to the same atom, The large
temperature factor required for the long C...8 distance, on the other
hand, is quite reasonable, and indlcates that only a small potential
restricts internal rotation at the temperature at which the photographs
were made,

Seattering curves for several of the models of types II and
III which were caleulated are shown in Fig, 3. The only important es-
gential differences between these models =mnd chain structure models are
differences of amplitude of the short C,,.3 term and the long C,..S
term, of which the latter is most important for our argument, the es=
sential long CuseS term having only half styength in type II modele and
beling absent in type III models, It 13 seen that these curves are quits
unsatisfactory with respect to the first ring, (At large scattering
angles theose curves and curve 0 are closely similar, none having an
eppreciable 4,0 R contribution,) Sinee no varistion in molecular parae
meters whatever makes the initial portions of thsse curves correspond to
the asppearance of the photographs, we conclude that, to the accuracy of
our observations of the imner rings, neither II nor III is the structure
of dimethylitrisulfide,

Qur final values for the parameters of the satisfastory
straight chain strusture aret O-H® 1,00 3 (assumed), C-S, 1.78 * 0,04 &,
S-5 w 2,04 * 0,02 %, £ 5-0-S = 112° (assumed), £ S-5-8 = 104%%+ °,

L G-5-8 w 104% = 5%, (C...S = 3,02 0,04 X and 5...5 » 3,22 + 0,04 ).



The terminal CH3~S bonds are rotated about 106° from the plane of the
sulfur chain,

Disgussion,~ The ehain structure found for dimethylirisulfide
is in agreement with the chain structures proposed for the three dlsul-
fides which have been previously investigated by the electron diffraction
method, ﬂ2826, 320125’7, and (GH3)2826. In all four molecules, the bonded
S-S distance 1s 0,02-0,03 % shorter than the S-8 distance 2,07 £ in 9,34,
The G-S distences in (CH;),S, and (CH;),S; are the same, and are 0,04 X
shorter than the distance in (GH3)2515. These shortenings are probably
significant although they are within the limits of experimental error in
each case, When sulfur forms single covalent bonds with two other atoms,
the eiisting data indicate the angle decreases as the electronegativity
of the bonded atoms inereases: the observed values are 107° in (CHg )28z,
105° in Sg, 104° in (CHg)S3, 103° in $,C1p, and 101° in SCly,

In addition to the direst experimental evidence of the electron
diffraction data, the sulfur-sulfur distance also suggects that the
molecule has the straight chain structure I, inasmuch as it is approxi-
mately equal to the S-S distanee in the singly bonded molecules just mene
tioned and is indeed just equal to the distance in (033)232 which is agreed
to have the singly bonded structure; it is about 0,15 3‘graatar than would
be expected for an S-S5 bond of the type to be found in siructure III and
about 0,08 & greater than the average to be expected for structure iI, ‘

on the basis of the Pauling-Huggins covalent radiil®, Although no test
!

ol
of these covalenb-radius predictions sulfur-sulfur multiple bonde is

A
available, a rather close analogy can be drawn with the phosphorus-

sulfur bonds in P4S3; in Which the bonds are presumed to be single bonds,
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as contrasted to the phosphorus-sulfur bonds in phosphorus sulfoxide,
thiophosphoryl fluoride, and thiophosphoryl chloride, The PeS distances
in P,0gS,, PSPy, and PSC1y ave 1.85 %17, 1,85 1'%, and 2,94 819, re-
spectively (the covalent radius sum for a double bond is 1,94 216),

while in P)S; the P~5 single bond distance is about 2,12 220. (radius
sum 2,14 3). Here the 0.2 3 difference between the lengths of the single
and double bonds between phosphorue and sulfur is found to be valid, even
though there might be some question, as there is for the special sulfupe
sulfur bonds in structures II and III, ss to whether the phosphorus-
sulfur bené in the thiophosphoryl compounds should have the same length
ag that predicted in a conventional double bond,

The same conclusion is suggested by the bond angles of 104°,
These bond angle values are reasonable for the singly bonded atoms in
the chain structure I but they do not seem reasonable for the angles ine
volving the doubly bonded sulfur atoms in structures II and III, For
structure III, moreover, the SeS«S and C=SeS bond angles of 104° corres-
pond to a C-S-C bond angle of greater than 1300, an unreasonably high
value by a wide margin,

Sumnary,~ Dimethyltrisulfide (CH;)zS3 has been investigated
by the electron diffraction method, The molecule was found to have the
chain configuration, with the following interatomiec distances and angless
c-H = 1,09 & (assumed), C-S = 1.78 +0.04 %, 55 = 2,04 + 0,02 &,

L H=CeS = 1129 (2ssumed), L 5SS = 104° * 59, / GwS-S = 10/°+5°, The
results also suggest that the C«S bonds oselllate with rather large amplie
tude aboubt a mean position approximately 106° out of the plane of the
three sulfur atoms,
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The Electron Diffraction Investigation of Isomeric lLewisites

This investigation of the two isomers of p -chlorovinyle

dichloroarsine, Lewisite I (b.p. 190° at 760 mm,) and Lewisite II

(bep. 150.2° at 760 m.), was undertaken in order to determine which
is the gls form and which is the irans form, MacDowell and Emblem’

found the dipole moments of Lewisite I and Lewisite II to be 2,21 x 10718

6.8,u, and 2,61 x 10“18 ©.8,u, respectively®, and on this basis assigned
the trang structure to .Lowisita I and the gis structure to Lewisite II.
Confirmation of this assignment seemed desirable because of the small
difference hetween the observed moments and because of the uncertainty
which we believe woul% ‘naceasarily arise from the presence of two polar
groups ( \Aacl,-g - \c=c\ or €=C_) joined by a single bond with
more or less umpredictable freedc::‘of internal rotation in the neighbore
hood of an unknown preferred orientation, In addition, it was hoped that
information could be obtained concerning the influence of the carbone
carbon double bond on the arsenie~carbon single bond distance and of the
organic group on the arsenicechlorine distance.

Experimental,~ The sample of the higher boiling isomer I
was obtained from Dr. C, E, Redemann of the University of Chicago, and

that of isomer II was provided by Edgewood Arsenal through the courtesy

*These values are not consistent with the value 1.77 x 107'% e,s.u, found
by C. T. Zahn and H, Mohler, Helv, Chim, Acta 21, 1292 (1938) for a
preparation of (3 -chlorovinyldichloroarsine which, on the basis of this
value, they concluded was a mixture of the ¢is and irang isomers,
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of Gen, W, C. Kabrich and Col, M, F, Peake, The constants given by
Redemann for the sample of isomer I are: b,p., 72«73° €. at 10 mm.;
a=5° - 1,8799; and n925a=: 1.6068; in fairly close sgreement with the
accented values, According to Edgewood Arsenal the sample of isomer

I1I had = refractive index corresponding to a composition of 4% of
isomer I and 96% of isomer II, while chemical analysis showed 4.68%

of isomer I, 95,04% of isomer II, and 0,22% of arsenic trichloride,

This degree of purity is sufficient for electron diffraction investi-
gation,

Diffraction photographs were made in the usuel waya. For
“both substances photographs were obtained which show the main rings
extending nearly to the limit of the camera,

Interpretation,- Both the radial distribution method” and
the correlation method®r4 yere used in interpreting the pletures, The
photographs of the two isomers were found to be rather similar, but
upon careful examination they showed definite, significant differences.
Curves 3 and 4 of Fig. 1 were drawn in accordance with previous experi-
ence in.this laboratory to represent the wisual appearance of the photo-
graphs and the measurements made on them, These curves were used for
the ealeulation of the radial distribution integrals as well as in the
subsequent correlation procedure,

The radial d;stribution curves, 1 and 2 of Fig., 1, for the

two isomers are very similar exeept for twe significant differences,

For isomer I there is a distinet, although broad, peak st 4.45 g, while

29



0 1 2 3 4 5
T j 7 7 1 i

o r\/\/\ RADIAL DISTRIBUTION
lei\ ] \/m T — I. ISOMER I
gl /—’P/\ il 2 ISOMER 1I

VISUAL INTENSITY
A VaVaVaVaAVAVAVAVAYalres
M/\/\NV\/\W 4. ISOMER 1

THEORETICAL INTENSITY

’[\/’\/\/\/\/\/W\A/\ RMEREL Y TESNR
’[\/\W\/\/\/\ 6.MODEL 1 CIS

W/WW\ 7. MODEL T TRANS
. {W\/W\/\/\ 8 MODEL I CIS

’[\AA/\/W\/\/\AA 9 MODEL [
W/\/\/M/\/\/\ 10 MODEL 1 TRANS

LW\/\MN\/\ /\/\'\ I. MODEL II CIS

AVAVAVAVAVAVAVAVAVAVART
MNW\/\W\/\/\ I3. MODEL ¥ CIS

| S - | T J L
20 Lo 60 80 100

q

Fig. 1. Electron diffraction ocurves for lewisite. Models described in

text. Ourve No. 9 was caleulated for Model III with the omission

of the non~bonded As...0l tem. g =140 ., 8.
o aha

2



no such peak occurs on the curve for isomer II, On the other hand, the
curve for isomer II lies much higher than the other at 3.3 3. These

are the noan~-bonded As,..Cl distances which would be expected respectively
for the trang and gis isomers; hence 1t is very probable that isomer I
ie the trang compound, and isomer II is the gis. The remaining signifi-
cant features of both curves are interpreted as follows in terms of
specific interatomic distances: 1.7 %, C~01; 1,90 4, c-as; 2,17 &, #s-C1
2,75 &, €...01 and C...As (uresolved); 3.1 £, C...c1; 3.3 %, c1...c1
(in the case of the gis compound, this distance is nearly coincident in
the As,..Cl). The various distances between 2,7 R and 3,3 & contribute
about equally with a total of about 25% to the whole scattering, It

is not surprising, therefore, that the corresponding regions of the
radial distribution curves are not well resolved, A reasonable inter-
pretation may be made, however, using the bond distances indicated by
the first parts of the curves, and the bond angle values found for re-
lated molecules, The vertical lines under curves 1 and 2 represent,

for our best molesular models deseribed below, the interatoﬁic distances
and scattering éoafficients which are'indepandent of the angle of
internal rotation about the C-As bond,

Since nine parameters are required to fix the configuration
and dimensions of each molecule, the number of curves which would have
to be calculated in a thorough correlation treatment would be prohibi-~
tive, and, furthermore, it 1is gertain that a complete structure determi-

nation could not be achieved., Theoretical scattering curves were



caleulated, nevertheless, for the models listed in Table 1 in order to
verify the conclusions from the radial distribution functions, A
curve for vhich the As...Cl term was omitted was also calgulated for
model III, The gis and irans medels differ only by this one term if
we make the reasonable assumption that the terms which are dependent
on the rotation of the AsCl, group have very large temperature factors
and may therefore be neglected. General :=greement is satisfactory, |
being best for model V gig and for model VI trang. Tho gquantitative
comparison of qcalc./%ba. for measurements of fifteen features, ex-
cluding those of the first and last main rings and the eighth maximum,
gives 0,999 and 0,997 for the models V gis and VI irans respectively,
with average deviations of 0,010 in both cases, At large g values,
particularly at the eighth and last main rings, the agreement is
improved by omitting the As,..Cl term, This corresponde to an ap-
preciable temperature factor for this term; it is indicated 'that this
temperature factor is larger for the gis molecule as is to be expected
from the greater contribution to variation of the As,,.Cl distance
made in this molecule by bending vibrations,

Evidence for the correctness of the identification of the

two isomers is also given by consideration of the differences between
eertain features of the respeciive eurves, in particular the shoulder
preceding the first maximum, the asymmetry of the second meximum, and
the asymmeiry of the third minimum,

Discussion.~ This work confirms the identification of
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Model As-C

I (voth) 1.9 £
II (vboth) 1.94 &
III (both) 1,90 1
vV (i) 1901
VI (trens) 1.90 £

In all models C=C = 1,36 K, =01 - 1,69 %, As-01 - 2,17 &,

Table 1

Models for lewlsite

£ Cl-iAs~Cl

98°
980
100°
100°
1000

¢ C1-C-C

1250
1200
1240
1240
120°

LCl-As=C

98°
980
100°
100°
100°

Lis=G G

125°
1250
120°
1249
120°



MagDowell and Emblem™ that isomer I, the higher boiling isomer, has
the fpang strueture and that isomer II has the gis structure, I%

should be pointed out that the possibility thet isomer II has the

H. " Aﬂclz
atructure H'c G o1

and other important distances in & model for this strusture could

is not execluded by our data, since the As,,.Cl

reasonably be made to be nearly the same as those found here under
the assumption of the structure G;:cm:;wlz + MagDowell and Emblem
conoltﬂéd from their consideration of the dipole moment values that
neither Lewlsite I nor II can have this formula., Presumably there is
chemical evidence also,

The bond distances in these molecules are in accord with
previous work, The As-Cl distance, 2,17 g, is.to be ecompared with
that in AsClz, 2,17 * 0,02 ﬁ’. The As-C distance, 1,90 f\', is con=
siderably less that 1,98 X the distance found6 in trimethjlarsim and
the sum of the covalent radii, as might be expected for an As-C bond
adjacent to a double bond, A& shortening of the C-Cl bond from 1,76 1
to 1,70 i secems to be suggesied by the radial distribution integrals,
and aotually this latter value is about what would be expected from
the known values' in the ghloroethylenss,

The bond angles cannot be saild to have been determined
with acecuracy, but it is probable that both 4¢Cl-0=C and ZAis-(-C are
between 120° and 125°, and that /CleAs-Cl and (Cl-As-C are vnear 100°,
the value found for Ascl35.

Sunmary.= An electron diffraction investigation of two
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isomers of ge~chlorovinyldichloroarsine (Lewisite) shovs that isomer I
{bap. 190° at 760 mm,) has the irang strusture, and that isomer II
(beps 150,20 at 760 mm,) has the gig strusture, The interatomie

distances found are in decord with those in related substances.



References Cited.

l == G, A, MacDowell and H, G, Emblem, British report.

2 - Apparatus: L, O, Brockway, Rev. Mod, Phys. 6, 234 (1936);
wave length calibration: C.-S, Lu and E, W, Malmberg, Rev,
Sei, Instr. 14, 271 (1943); high temperature nozzle:
L. O. Brockway and K. J. Palmer, J.A.C.S. 59, 2181 {1937).

3 ~= R, Spurr and V, Schomaker, J.A.C.S. 64, 2693 (1942),

4 w= L, Pauling and L, O, Broekway, J, Chem, Phys. 2, 867 (1934),

5 —- S, M, Swingle, Thesis, California Institute of Technology,
1943.

6 -~ H, D, Springall and L, 0, Brockway, J.A,C.S, 60, 996 (1938),

T e %. 0.)Brookway, J. I, Beach, and L, Pauling, ibid. 57, 2693
1935).

65



An Tlectron Diffraction Investigation of

Methylal and Ethylene Glyeol

Although the eléctron diffractlion method Tur detsrmining molecular
structures hus been most often applled in nases vhers the configuration or
bond structure of the molecule in questiocn are in doubt, information of
valve may likewise be ohteined by the inventigation of simple sompounds
the structures of which are well known from other considerations, In
these latter instances it is desirable to determine the interatomic dis-
tances as precizely as possible in order that small deviations from the exw
pected or normal distances may be deteclted, since 1t seems certain that
significant changes in chemicael reactivity or other properties imply only
small changes in molecular structure such as often 1lie within the accuraey
of the eleetron diffraction method, The present study is a part of & more
extended program under way in this Laboratory in which a large serles of
simple substances are being investigated by electron diffraction with
the improved techniques now available, Since work on nelther methylal
(dimethoxymethane) nor ethylene glycol has been I.u‘eviéusly reported, it
seened desirable to vreport owr resulits st this time,

Experimental,~ The diffraction photogrﬁphs were prepared with
the apparatus desaribed by Brockwawl. Zach substance was redistilled
before use, generous first and last portions being disé_ﬂrded' Filtoen
er more photographs were prepared of each gubstance, The values of

de = 40/)\ ain S /2 in the tables are averages of measuremente of two
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observers of ten or more photographs, By the use of the measured values
9 and the appearance of the photograph, the visual curves V of Figures
1 and 2 were drawn in accordance with previous experience to correspond
with the general character of the theoretical intensity cwurves calcu-

i3 r.;i.j

Tha temperature factors aij were given the waluves= 0,00016 for bonded

lated with the formla I(g) =& 2121 exp (»aijqz) sin (L, q).
e}

hydrogen terms, 0.0004 for non honded hydrogen ternme, the longest carbone
earbon term in methylal and the oxygen-cxygen term in ethylene glyccl

and zero for all other terms, except the hydrogen-hydrogen terms, which
ware neglected, Radial d1-%ribution functions were ca}.culatedz from
the visual intensity curve by means of the equation v D(r) -%1 I (qi) @xp
(-‘:0312) sin (]‘:TU qr) wherc exp (-—-aqmix) = 0,1,

Heothyial,~ Paolographs of methylal were taken wiih the sample
at 09 C and at room tewperature, The scatlering patiern is represented
by the curve V of Fig. 1, The radlal distribution iniegral, RD of Fig. 1,
shows the following maximat 1.10 %, 1.43 3, 2.07 %, 2.36 %, and two brosd
maxime at 2,8 3 and 3.6-3.7 X respectively, The first two peaks are the
bonded C~H and C-0 distances respectively, The maximum at 2,36 g., which
arises from non-bonded C...0 and 0.,,0 terms, indicates C=0-C and 0=C=0
angles close to 1120, It was not deemed feasible to attempt independent
evaluation of these angles, ncr to test models in which the Ce0-C=(0-C
chain was not coplanar. The peak at 3,6-3,7 i, corresponding to non-bonded
Cuss0 distances in models of this type, suggests coplanarity, and since
rotation dependent terms are necessarily of relatively low weight, vari-

ations of this nature would have very little effect un the theoretical
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. intensity curves,
Theoreticsl intensity euwrves shown in Fig, 1 were calculated

for three models, each with C-H = 1,09 %, 6-0 = 1,43 %, and ¢ Ge0-C =
L 0-C-0 = 1093°, 112° and iu%" respectively, All HeC-0 angles were as-
sumed to be tetrahedral, The curves for the 1094° and 114%° models

show unsatisfactory relations hetween the intensities of the 3rd and

4th mexima, the 6th and 7th minima, and the 8th and 9th maxima, Quanti-
tative comparisons for the 112° model are given in Table I, We assept

the following struectural parameters for the methylal molecule: OC-H =

1,09 + 0,04 i, C-0 = 1,42 * 0,02 3, average of LC=-0~C and:(0-C-0 = 1120220,

Ethylene glyeol,~ Photographs of ethylene glycol were obtained
using the high tempsrature nozzlesB’[”. Considerable difficulty was ene

. sountered in obtaining good photographs, nerhaps because of the high heat
of vaporization of the substance, The scattering pattern is very similar
to t;ha't. of methylal, as shown by the curve V of Flg, 2, The radial distri-
bution function, RD of Fig, 2, shows maxima which may be interpreted as
follows: the broad first maximum incluies the bonded 0-H { 0,97 2) ana
c-H (1,09 3) distances, the second at 1,44 % is the unresolivea average of
the C~0 and C-C distences, The broad maximum at 2,08 R includes three dif-
ferent non~bonded O0,,.H and C...H terms, and the maximum at 2,39 i is the
non=bonded C.,.0 distance, The weak maximum at 3,65 i, corresponding to
the 0...0 distance, suggests that the molecule hes the trans configuration,

Theoretical intensity curves were calculated for the models ine
dicsted in Fig, 3. In all models O-H m 0,97 %, C-H = 1,09 &, and bond
angles involving hydrogen atoms were assumed to be tetrahedral., Curves

. for the molecule in the itrans configuration were calcﬁlated for all models;



Fig. 2. Electron diffraction curves for ethylene glycol
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Table I
Methylal

Sobs

10,05
13.54
17.85
25,13
29.83
32,20
35.31
39.97
ble s 44y
48,06
51,48
55,06
60.35

66.20

71,21
74435
77.50
87.64
88,97
93.98

69

%300

11.5°
14.3
8,1
2448
9.8
31.9
33.5
38.4
bbea7
49.5
51,1
53.2
60,7
65.7
724
75.6
7.2
81l.3
87.4
92,3

average

average deviation

Q320
Qbe

(1.143)
(1.056)
1.014

987
999
.991
{ +949)
<961
1,006
(1.030)
993
( +966)
1,006
992
(1,015)
(1,017)
{ .99)

.982
.982

991
010



curves for the molecule in the gis configuration were calculated for
models E and G only, The gig models are rendered unsatisfactory with
regard to the position of the lst maximum asnd the lack of asymetry of
the 3rd minimum, Since the terms by which the gis and irang models
differ are subject to the temperature effect, the gis curves are not
shown beyond g = 50, The appearance of the photographs is best repre~
sented by the curve F, The relative intenmsities of the components of
the two doublet maxima, 3 and 4, and 8 and 9 and the relative depths of
minima 6 and 7, are rather sensitive to changes in the strueturel parae
meters, and consideration of these combined with the quantitative come
parison in Table 2, lead to the following parameters for the ethylene
glycol molecule: Owi = 0,97 )1 {assumed), C-H = 1,09 i (assumed), C-0 @
1.43 + 0,02 1, C=C = 1,52 = 0,02 %, £ 0-0~0 & 1093+ 2%, probably trens
configuration,
seussion,~ The carbonecarbon distance in the glyeol molecule

1s sugwested by the electron diffraction data to he 0,02 3 shorter than
the sum of the covalent radii, The explanation of this effeet, if it is
real, is not apparent to us, although it seems possible that some type of
hyper-conjugation may be present, Unpublished work in this laboratory
has indicated that the carbonecarbon distance in several other simple
oxygen=gontaining molecules may also bhe slightly short, viz,, 1,51+ 0,02 b
in diethyl ether, and 1,51 + 0.03 A in dioxene,

The bond angles and carbon-oxygen distances are normal in both
molecules,

Summary,~ An electron diffraction investigation of methylal end

ethylene glycol gave the following structural parameters for these molecules:
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Table II

Ethylene Glyeol

9obe

11,20
14.59
18,49
25,22
29.25
31,74
34e24
39.17
43.85
43,41
§1.20
54438
59.31

65.27

average

average deviation

Tl

quobs

(1.000)
( .987)
995
. 583
1,002
1.008
( .973)
968
1,003
(1,018)
998
( .989)
1.007

« 93



9
Methylal: C-H= 1,09 2 0,04 A, C=0O= 1,42 & 0,02 a’ average of L G-0-C
andt0-0-0 = 112° + 2%; ethylene glycol: O-H = 0,97 ? (assumed),
£y

C-H = 1,09 % (assumed), -0 = 1.43 + 0,02 3, ¢-C = 1,52+ 0,02 &,

o O
C-C-=0 = 1095*2 , probably irang configuration,
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The Determinaticn of the Interatomic Distances

in Silver Molybdate, AgoMoOy

Silver molybdate was first examined by the X-ray method in
1922 by Wyckoff,! who found that crystales of the substance had what
is now called the spinel structure, With the methods available at
that time, Wyckoff was unable to determine accurately the value of
the oxygen parameter; an approximate value of x # 3/8 was given by
him,

Since a precise value of the parameter would yield accurate
values for both the molybdenum-oxygen and the silver-oxygen distance,
we have reinvestigated this crystal by the X-ray method, The size of
the molybdate group does not appear to have been hithefto determined
and the length of the silver-oxygen bond is of interest in connection
with the problem of correlating color and bond character.z"""

Experimental.~ Silver molybdate was prepared by adding
aqueous silver nitrate to agueous sodium molybdate, The resulting
precipitate was washed with water and dissolved in dilute ammonium
hydroxide. Slow evaporation of the solution yielded small bright
yellow octahedral orystals. A tiny erystal, sbout 0.1 mm, in its
greatest dimension, was chosen for X-ray examination, Measurement
and indexing of symmetric and asymmetric Lauve photographs taken with
the general radiastion from a tungsten target, and of a series of
pscilla.tion photographs taken with Moxo( radiation (X = 0,711 i.)

confirmed the size of the unit cell, a, = 9,26 i., and the space
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group, O] - Fd3m, found by Wyckoff,l The intensities of the re-
flections on the oseillation photographs were estimated visually
by means of the multiple film technique; the three films used in
each set wers interleaved by 0.001 inch gopper foil in order to de-
crease the intensity on the successive films suffisliently,

In all caleulations of F values the atomiec f curves in
"Internationale Tabellen zur Bestimmung von Kristallstrukturen™ were
used; dispersion corrections of 1,5 and 4,0 were subiracted from the
values for silver and molybdenum, respectively, The corrected f
curves were then multiplied by the temperature factor, e -(1&(35-11 ‘9/ P )2;
the value B 1,5 was determined from the observed F values of the re-
flections {(hkl) for which h = 4n, k = 4n, 1 = 4n; these F values are
not very structure sensitive, The effect of absorption was ignored
since it is believed to have been unimportant because of the favorable
size and shape of the ecrystal used,

Determination of the Parametep.- Although the scattering
powsr of oxygen is small compared to those of silver and molybdenum,
the caleculated F values of many of the reflections to which the contri-
butions of the silver atoms and the molybdenum atoms are of opposite sign
were found to vary sufficiently with x to allow a precise determination
of the parameter,

Preliminary consideration of the ratio F(333)/F(111)fixed the
limits 0,36 ¢ x < 0,38. The F valuess of the ten available reflections
of the type mentioned above were then calculated for values of x between

these limits, in intervals of 0.002 in x, These F values were then used
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to caleculate the dependence on x of the ratio of F values of any two
reélacticns, the restriction being made however that all ratios between
¥ values whose plots of F vs., x were of nearly the same slope were not
caleulated, By comparing the ratioc curves so obtained with the ob-
served ratios, twenty-one values of x were obtained., Some of these data
are illustrated in Fig 1, These values were welghted by multiplying
each by the difference in slope of the two F curves involved, The
weighted mean value of the parameter x obtaine& in this wey is 0,3639,
the average deviation is 0,0018, and the most probebly deviation is
0,0004., On the other hand, if the observed and caleculated F values of
these ten reflections are treated by the method of least squarea,s a
simple procedure if the calculated F curves aore used to evaluate the

valuss of 73JF

o /3% 5 the value x = 0,3634 is obtained, We adopt 0,364

0,002 as the best value of x, taking all sources of error into account.

A comparison of caleulated and observed T values for some
representative reflections is presented in Table I. The agreement between
observed and caleulated F values of the strongest reflections could proba-
bly be improved by correcting for extinetion,

Diseussion,~- The MoQ,™ group has the configuration of a regular
tetrahedron, with Mo~0 = 1,83 0,03 X, Fach silver atom is surrounded
by a nearly regular octahedron of oxygen atoms, each at 2,42 * 0,02 3.

A plausible single bond tetrahedral radiuns for molybdenum can
ha derived from the apparent radius of 1,38 2. for molybdenum in Mbszé
and K)Mo(CN)g 23207 by applying a correction factor of 0,97 for change

in coordination,8 The value obtained, 1,34 X., may be slightly large
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Fig. 1. Variation in the ratios of F values with the parameter x.
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(ni1)

11l
220
311

731

7
822
555
662
840
911
5
842

931
844,
933
TTL*
10.2,0

¥ These reflsections were used in the parameter determination,

?obs.

118
405
306
398
145
383

282
450

< 35
160
249
231

51
89
127

376

182
226
176
39
67

< 40
108
167
304
< 40

caled,

109
248
456
39
447
130
376
303
659
75
2
140
279
339
50
85
127
258
356
%0
105
181
222
197
42
64,

-

83
171
341

43

73

83

77

Table I

Values of Fhkl

{ni1)

862
951
10,2,2
953
10.4.2
11.3,1%
882
10.6,0
866
10,6.2
TIT*
10.,6.4
12,4.0
12,4.2
10.8.2
10,6.6
12,6.2
10,10.,0
10.8.6
11.9.1
10,10.2
12.8.2
12,6.6
13.7.1
14.6.0
10.10,.6
12,10,2
13.9.1
16.0.0
12,10.6
12,12,0
14.10,2

obs,

112
167
179
< 40
73
50
¢ 40
59

156
57
92

197

< 40

135

43
76
102
< 40
33
64
59
66
25
53
145
35
86

caled,

78
139
178

34

67

53

54
67

54
61
215

52
114
45
48
34
63
94

33
28

57
111



bacause of the difference expected between the radii of guadrivalent
and sexavalent molybclen\ml.9 ,
The observed molybdenum=-oxygen distance is thus 0,17 ﬁ. shorter
than the sum of the radii, This shortening 1s of the same order of
magnitude as the following shortenings in othsr tetrahedral on'iona
which have been observed previouély: 0.23 3. in 3104",10 0,21 % in

10

P0;2,10 0,10 %, 1n 250,3,% 0,22 %, 1a vo 2,1 0,29 %, 10 50, 0,27 R,

1n 610,~,"% and 0,15 . 1a 10,22

The Ag-0 distance of 2,42 1. ic somewhat shorter than the
lonic radius sum of 2,46 %.° Ag-0 distances of 2,51, 2,50 and 2,42 2.
have been .found in the colorless salts AgClOz, AgyS0; and KAgGO3, re-
spactively.* In the yellow salts AgyPO, and Ag,CO the distances are
2,34 and 2,3 3., respectively, and in AgBASOA’ which is red, the
distance is also 2,34 3.4' These distances are in only rough accord with
Pitzer-Hildebrand rule, which states that the color of a salt. formed frcm
colorless ions 1s a measure of the covalent character of the bonds
between the ions.2 Considerable work on the absorption spectra of
various compounds is needed before the relation of color to covalence
can be fully discussed.

Sumary.~ A redetermination of the parameter in silvér molybdate
has been carried out using data obtained from oseillation photographs,
The value obtained, x = 0,364 * 0,002, leads to the distances Mo-0 # 1,83
+ 0,03 i. and Ag-0 = 2,42 * 0,02 ﬁ. The significance of these distances

is briefly discussed,
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The Crystel Structure of Hydrasinium Diehloride, N,H.CIl.

The erystal structure of hydrazinium dichloride was first
investigated by Wyokoff,l who found that erystals of ﬁhe substance
belong to the space group Thé-PaB, and that four melecules of N,yHgCl,
are situated in the unit cube, with ao-7.89i. Wyckoff, with the methods
then available, was able to arrive at only approximate values of the
two parameters necessary to determine the structure completely (ex-
eluding the hydrogen ntoms). He deseribed the structure as "a CaFp
grouping in which the chlorine ions are displaced from the symmetrical
3 positions by the dumbwbell shaped NoHg groups, "

We have investigated this erystal by the x=ray diffraction
method in order to determine the interatomic distances accurately, The
N-N distance i1s of interest in connection with the as yet unsettled
question of the effect of formal charge on interatomic distance., The
NeH,..Cl distance affords further information on hydrogen bonding between
nitrogen and ehlorine, The structure also provides interesting compari-
sons with those of hydrazinium difluorid33 and methylammoniun chloride,*

Experimental .~ Eastman White Label hydrazinium dichloride wase
dissolved in dilute hydrochloric acid, Slow evaporation of the solution
yielded tiny octahedra suitable for x-ray examination, Orystals not over
0.2 mm in greatest diménsion were mounted on the xeray goniometer heads
in the usual way, Laue photographs showed that the symmetry class of
the orystals was either T or T,. Osﬁillation photographs were taken with

Lol
CuK, radiation (A=1,542A) over the range required to give complete data

&0



for the zero, first, and second layer lines., In order to facilitale the
visual estimation of intensities the multiple film technique was used,”
The effect of absorbtion was ignored, since the size and shape of the
erystals were favorable for doing sa.

Measurement of the egquatorial reflectlons on the oscillation
photographs gave the value a°87.8730.ﬁlﬁ, in satisfaoctory agreement with
Wyckoff!s value of 7.894, A very heavily exposed oseillation photograph
showed no intermediate layer lines which would require the choice of a
larger unit cell, The regular vanishing of (hkO) when hw2n, observed on
the oseillation photographs, confirms Wyockoff's choice of the space group
Th6-Pa3. The ohserved density,6 1.4226, requires four (ealevlated 3,98)
molecules of N,HgCls per unit cell. The eight nitrogen atoms lie in the
positions7t(1zuu), (F+u, ¥y u), (U, ¥+u, & =u), (3 =-u, U, ¥+u);
and the eight chlorine atoms in a set of similar positions x (vvv), ete,

For the salculation of F values, the atomic scattering Pactors
of James and Brindleys were used, The f values for N were increased by
27 of H as an spproximation to include the effect of the hydrogen atoms,
A1 atomie £ values were multiplied by the temperature factor exp=f(sin®A)?,
and the value ®*l.5 was found to glve satisfactory agreement between obe
served and calculated struecture factors,

Determination of Ihe Parameters.- The approximate parameter
values of Wyckoff, 0,04, v®0,27, enable the assignment of signs to the
F valuss o7 zll of the observed (hk0) reflections, A Fourier projection
on (001) made with the twentyethree available (hk0) reflections is shown
in Fig. 1. The smaller resolved peaks represent the nitrogen atoms; the

larger peaks represent pairs of chlorine atoms which are too clese together
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in this projecticn to be resolved. The symetry of the eell, however,
allows an accurate estimation of the chlorine paramster as well as the
nitrogen parameter, The values u = 0,052 and v = 0,278 are indicated by
this projection, It may be pointed out that the helghts of the two kinds

- of pseks are in the ratlo 3.9 ¢ 1, whereas the ratio expacted; 2017

- HHge, is 36319 = 4:1, The two small poaks and the asymmetry of the nitrogen
peak (dotted in Fig, 1) undoubtedly arise from the omission of reflections
which lie ocutside the limit of copper K, radiation,

Since both nitrogen atoms and chlorine atoms lie on a body
diagonal of the unit cube, this erystal is well sulted to the dpplication
of the Fourier method of calsulating the eleatron density along a line,
The genersl expression for the electron density as a function of the co=

ordinates x, ¥y, and 2z simplifies for the case x =y = z = d to

Pla) = K ZH Agcos 2T Hd, where A, = hekadmit Fhkl'.

In making this summation, all available (hk0), (hkl), and (hkz) data were
used, the signs of all F values being determined from the parameters obe
tained with the projection on (001), The use of equalities of the type
Fox1® ~Fryy for b = 2n or k = 2n, ete,, inereased the number of known F
values to nearly 300, The reflections were classified according to hekel,
and the series was sumed over bekelwsd to 15 from d=0 to ded in intervals
of 0,004 in 4, Both this surmation and the projection on (001) were made
with the use of punched cards snd International Business Machines.? The
density funetion P(d),. the curve labelled OBS in Pig. 2, glves the values
um=0,052 and ww=0,279, 'which are in excellent agreement with the waluss given
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by the (001) projeetion,

Since data obtained only from the zero, first, and second
lairar lines were used, no reflections for which h, k, and 1 were each
> 3 were ineluled in the caleculation of the function (d), Although
this function apparently was satisfactorily convergent, the effect of
the missing spectra on the positions of the mexima was not lkmown, For
this reason, we caleulated a second densiﬁy funetion, using, in place
of the observed F values, a set of F values caleulated for a structure
in which uw0,052 and vw0,278, The sare terms were omitted in the calcu=
lation of this second density function as were omitted in the ealeulation
of the first, The resulting curve, labelled CALC in Fig, 2, shows
maxima at us0,052 and v=0,278, The omission of terms of high order in
h, k, and 1 did not lead to parameters whiech were significantly different
from those which were assumed, and we may, therefore, infer that the para-
meters obtained with the observed data are a correspondingly accurate
representation of the atomic positions in the orystal,

Since there have been cases in which the inelusion of the scatbter-
ing of the hydrogen atoms led to a significant improvement in the agreement
between observed and calculsited values of Fm,lo we recaleulated all Fra
with egin 8/7\ < 0,30, plaecing the twenty-four hydrogen atoms in the general
positionug of Pa3 with x=0,108, y=0,039, and z®0,126, These values place
groups-of three hydrogen atoms 1.033 from each nitrogen atom, on lines
between the nitrogen atoms and its closest chlorine neighbors, The over-all
effeet was a very small improvement of doubtiul significance,

The above resulls lead us to the parameter values u=0,052 and
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v=(,279, We believe il very unlikely that elther of these parameters
is in error by more than * 00,0015,

The sgreement bebtween observed and caleulelted values of F is
shown in Tables I and II, It is probable that the very strongest ree
flections, vis., (200), (220), (400), (410), (111), =md (222), which
are all observed to be too weak, are subjeet to cxtinetion,

Discussione The values of the parameters lead to the following
interatomic distences: the HeN distance within the hydrazinium group is
1.423, and from the limits of error given for this parameter it is very
unlikely that this distance can be in error by more than £ ﬁ.ﬂ[,?l. A
drawing of the structure showlng the environment of one NyHe** group is
shown in Fig, 3. Fach nitrogen atom has four clesest chloride neighbers,
one (type I) lies at 3.103*:0.043. on an extensicn of the line through the
two nitrogsn atoms, the other three (type II), also at 3.10’:0.023, form a
triangular pyramid with the nitrogen atom, the angles NeNeee(l belng
1009£20°, Eaeh chloride ion has four nitrogen neighbors, one of type I
and three of type II, and in addition six chloride nelghbors which form
the equilateral triangle are comeeted to the nitrogen atom by hydrogen
bondsy the configuration of the NpHg** is staggered or ‘trans,

It is of interest to compare in detail the structure of HalgCla

with that of N2H6F2'3 In both erystals the halide ions form hydrogen bonds

lesding to NeleeoX distances which are shorter than the sums of the respec-

tive ionie radii®, 0,118 shorter in the chloride and 0,14% shorter in the

% An jonic radius one of =NH; group of the hydrazinium ion may be taken
equal to the ionic radius of 1,54 for NH;%, observed in NH,Br and

}IHAGJ.. This value leads to an ionic radius of I.Alﬁ when corrected
0 coordination number 4,
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(hkO)

200
210
220
230

410

250

600
610
620
450

chs

4ol
3ede
743
4e9
5.9
55
5e4
2,8
0.4
4e3
3.8
4.9
2.3
47

Table I,

F

"‘7. 8

3.5
+13.4
=52
+7.9
6,9
=5.3
2,1
0.0
*hel
«3.8
*#5,1
*2,1
=be3

gale

Values of F ., ..

85

hkO

(nko)

630

640
270
650

810
470
820

Fobs

5¢5
264
1,0
1.3
Ou4
4e8
0.4
1.1
1.2

363

< 0.4

1.7
3.1

cale

=5,9
w2ed
=l 2
+1.3
=0, 7
=49
0.1
=1,5
vl,l
+3.2
0.0
~1.8
=2.9




Table II, Value of F __,

hil

(hicl ) Fsha !;alo ‘(hkl) Bbba F;alo (hic1)
211 A 1.8 541 1,3 ~l,4 182
221 4e3 ~hed 451 3.5 +3,2 742
31 2.1 +2,6 622 2,8 =3,0 4LTR
222 5.1 «£,3 542 0.6 +0,6 822
231 1.5 1,3 631 2,5 +2,3 831
322 1.2 41,1 361 ¢ 0ud =05 381
411 < 0,4 8.0 632 3l 2,9 751
331 0.4 +0,7 362 1.1 +1,1 662
A2,  Li sy, 711 0.6 0,8 832
12 2,0 42,0 551 0.7 «0,6 382
332 2,6 2.1 61 . 2,0 +1,8 752
422 5.1 *5.8 461 3.7 *3.4, 572
431 3.0 ~3:1 721 0,6 ~0eb 841
341 3.2 =249 =71 2,0 #2.0 481
511 0.6 (43 552 0.7 ~0.8 211
432 4e6 =5.6 642 1.7 1.6 8,2
342 2,6 -2,0 722 <0.4 0.0 921
512 2.4 "250 731 100 wl -0 291
152 1e5 N 651 3.8 w3ad 761
441 3.9 =35 561 1.8 -1,7 671
552 2.5 -2:5 732 1.3 =0,9 762
531 0.6 *0,4 372 0.6 0.6 672
442 b =34 652 ded 3.4 922
532 1,5 +1,7 562 < 0.4 =0,2 851
352 < 044 0.0 g1l 0,6 *0,6 5817
611 1,7 =1,6 741 1,0 wl, 1

621 0.8 (.8 471 25 -2.,6
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Fig. 3. One unit cell of the crystal, showing the environment
of one NyHg = group, and the body diagonsl along which
pl(d) was determined. The large balls represent chloride
ions, the small balls, nitrogen atoms .



fluoride, In both crystals a nitrogen atom has four closest halide
neighbors, three of which are hydrogen bonded, and one of vhigh lies
on the extension of the NwN axis, In Nzﬂéclz, this .\';'dm-th c¢hloride ion
lies the same distance from the nltrogen atom as do the other three
ohloride loms, whereas in WoHgF, the fourth fluoride ion lles at a dls-
tance 0,18% greater than do the other three, This NessF distance is ape .
sroximately the sum of the ionie radii. The angle NeN...X is 100° in
NoHgCly and 110€ in NoHgFa. The smaller angle and the equality of the
four NeHeesX distances in the chloride suggest that the fourth chloride
ion is subject to significant atiraction by the thres hydrogen atoms, a
sitvation not unlikely if the actunl value of the sngle NelN.H is closer
to the tetrahedral valus 109°28', In both erystals a halide don has fowr
nitrogen neighbors, In Nyl F,, a fluoride ion has, in addition, three
closest fluoride nelghbors, et dlstances 0,684 greater then the sum of
the ionie radii, so that the strusture essentlally does not depend on any
FeeoF gontacts, In NoHgClo, on the other hand, a chloride ion has six
alosest chloride neighbors, at distances only 0.364 greater than the radius
sum, It is possible that Cle++Cl contacts are of some importance in deter-
mining this structure. The major dlfference betwesn the two structures
then arises from the greater coordlnating ability of chloride ion as com=
pared to that of fluoride lon, The configuration of the NZH;"" ion is trans
in both erystals,

The NeHeesCl distance of 3,108 may be compared with the HNeHeesCl
distanos of 3,184 found in NHBGHBG]..!’ In the latter erystal, the CHy-Nig
groups are probably rotating, and furthermore only three hydrogen bonds are

&7




formed, on the average, between a nitrogen atom and four chloride ions,
These differences lead to much weaker and consequently longer NeHeseGl
bonds in methylammonium chloride,

The =N distance in both hydrazinium dichloride and hydrazinium
difluoride is the same, 1.!,21. This distence is 0.053 shorter than the
¥« distance in gaseous hydrs.zine.n This shortoning has been attributed
to the formal charges orn the altrogen atoms.3 However, since the structure
of the 2‘12H6“ fon for whieh there are adjacent chargos on each nitrogen
atom sontributes but 25 persent to the normsl state of the fon,~ it
ssems essentially illogieal to attribute a shoritening of this magnitude to
the formal charges. The formal charge effect, as originally coneeived,lz‘lj
was intended to correct the covalent radius of an atom which had s formal
charge of +1 by about =0,034, Soms molecules in which this effect might
be expected, together with the avallable experimental data, are presented
in Table IITI, Beecause of the uncertainty invelved in predicting distances
which are involved in single-bond double~bond resonance, only single
covalent bonds are ineluded in the table, The predicted distances are
those in the table of revised covalent radii of Schomaksr and i*f.‘c.ev.vem’a:wz.'t.ll+

It is apparent that the correction for formal charge 1z not
generally applicable, There do not seen to be suf'ficient experimental
data concerning thi.a point so thal a satisfactory revialon of the original
sorrection can be made, X-ray investigations of a hydroxylammonium salt
such as HH3OHG1 and of a metallic peroxide would provide additlonal infor-

mation of interest.

Sumary.- Accurate values of the two paramsters in the structure




Table III

. Observed Prodicted
Bond Compeound digtance distance®*
Oui® V0, 1.41 &£ o,00i8 1,434
o~ 6(N0,), 147 & 0.02iP 1,468
CH3NHACL 1,46 + 0,011
(CHg)3n0 1.49 + 0,0238
> . e a o
eI HoH R, 1.2 * 0,024 1,47k
N B0l 1,42 = 0,04k
Cus* (CHig )50 1.84 + 0,028 1,814
C-8*" (CH,), 30, 181 = 0,028% 1,818

# Heference 15 in text,

a - L, R, Maxwell and V. M, Mosley, Phys, Rev, 57, 10794 (1940).

b - 4, J, Stosick, J. Am, Chem. Soc. 61, 1127 (1939).

¢ = Reference 4 in text,

d - R, E, Rundle, Dissertation, California Institute of Technology (1941).
e = Reference 3 in text,

f = This determination,
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of erystalline hydraziniun dichloride have been determined by the x-ray
diffraction method, with the use of one and twe dimensional Fourier
syntheses, The He!l separation in this crystal is 1,424, and is eqgual
to that in hydraginium difluoride, This NN distanes is 0,054 shorter
than in gaseous hydraszine, Tach chlorido: fon forms hydrogen bonds with
three nitrogen atoms, the strueture consisiing of a three dimensional
network of NeHese0l bonds, The angle NMeNeHeeoCl is 100P, The cone
figuration of the N2HG” ions is trans., The differences betwean this
strueture and that of hydrazinium difluoride probably arise from the
greater coordinating ability of the chloride ion as compared with that
of the fluoride jon, The shortening of the N-N distance may be caused
in part by the formal charges on the nitrogen atoms, although it scems

certain that this formzl charge effect is not of gensral validity,
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PROPOSITIONS SUBWITTLED BY JurniY DONOHUL

Ph.D. Oral Sxamination, liay 28, 1947, 9:00 4.M., Crellin Conference Room
Committee: Professors Schomaker (Chairman), Badrer, Niemann, Pauling
Sturdivant, Swift, Vard, and Dr. Davidson

e e e e s e s

l. The single bond radii of boron, silicon, phosphorus, germanium, arsenic,
tin, and antimony, and the double bond radii of oxygen, nitrogen, and carbon should
be revised (Thesis, Part I).

2. DBetter agreement with observed data is obtained if one calculates the inter—
atomic distances in covalent molecules with the equation of Schomaker and Stevenson
and the revised atomic radii, rather than with the Pauling-Huggins radii and
additivity.

3« The Schomaker-5Stevenson ecuation may also be successfully applied to the
prediction and interpretation of the lengths of double bonds.,

4. Double bond character occurs very infrecuently in bonds between atoms of
other than the first row clements.

Fe (a) The structure of cycloBctatetraene with symmetry D,~U2 which was
recently proposed by E. R. Lippincott and R. C. Lord (J.4.C.S. 68, 1868 (1946)) is
much less probable than one with symmetry D, 4~ Hem.

(b) 4n electron diffraction investigation of cyclodctatetraene is very
desirable.

6. BSince in the application of the Pauling theory of directed valence the
obvioug approach may not be the correct approach, assertions that an observed con-
figuration is not predicted by the theory should not be taken too seriously.

7. Contrary te the statements of G. L. Clark and C. O, Werner (Z. Krist. &g,
162 (1934)) their determination of the space group and unit cell of the silver
nitrate-urea addition compound does not establish the value of n in (Agloa'urea)
as 2 or 4, Consequently their proposed structure for the complex is without
significance.

8. Sufficient experimental data are now available to demonsgtrate that the
formal charge effect proposed by N. Elliott (J.a.C.8. 59, 1380 (1937)) is not
valid, Conversely, there ig an effect in the case of bonds between two atoms of
opvosite formal charge,

9. The discussion of ', Shand and R, Spurr (J,A.C.S, 65, 179 (1943)) to explain
the abnormally large bond angle they found in ozone is not in accord with previously
determined properties of bonded atoms.

10. (a) K. J. Palmer's electron diffraction data on sulfur monochloride
(J.4.C.8. 60, 2360 (1938)) yield more information than was obtained by Falmer.

(b) Contrary to rather prevalent current opinion, the electron diffraction
method for determining molecular structures is not at the end of its rope.

1ll. The system of using ka units in addition to 2 is unnecegsarily confusing
except in cases unrelated to chemistry, I propose that the kX unit be banished
from the Crellin Laboratory.




