I. WMOLECULAR STRUCTURE INVE TIGATIONS

IT. A THEQRY OF MOLECULAR COMPCUNDS

Thesis by

Arthur James Stosick

In Partial Fulfillment of the Requirements

for the Degree of Doctor of Philosophy

California Institute of Technology

Pasadena, California

1939



Table of Contents

I. Nolecular Structure Investigations:

1.

2e

3

The electron diffraction investigation of
phosphorus trioxide, P,0g; phosphorus
pentoxide, P,0,0; arsenic trioxide, A8y Ogh;
and hexamethylenetetramine, (CHp)gN,.

The electron diffraction investigation of
tetranitromethane, C(N0p)..

The electron diffraction investigation of
phosphorus sulfoxide, P045,.

The space group and unif{ cell of the potassium
salt of nitroform, KC(N0Oz)s.

The space grovp and unit cell of phenyl-
propiolic acid.

The space grovp and unit cell of the molecular
compounds naphthalene : p-dinitrobenzene.

1I. A Theory of Organic Kolecular Compounds.

I1I. Summary

IV. References

V. Propositions

Page

10

19

26

34

36

W1

o7

a9

60



Introduction

In part I of this thesis there are presented the results of investi-
gations of molecular structures by means of electron diffraction by gases,
and by X-ray experiments with crystals.

The electron diffraction studies were made on a group of related
moleculeg of the fifth group elements. The molecules of this class are
the trioxides of phosphorus and arsenic, the pentoxide and sulfoxide of
phosphorus, and hexamethylene tetramine. The observed interatomic dis-
tances are discussed in terms of single-double and double-triple bond
resonance, and the valence angles in terms of bond orbital hybridization.

The remaining substance investigated by the electron diffraction
method is tetranitromethane. In order to obtain a satisfactory inter-
pretation of the data it was necessary to assume a rotatory oscillation of
nitro groups about C-N btonds. In addition to this it was found necessary
to include in the approximate intensity formula the usually omitted
temperature factor.

The x-ray investigations included the determination of the space
group and unit cell for three crystals; these are the potassium salt of
nitroform, XC(¥Oy)z, phenylpropiolic acid, CgHg(=C~-COOH, and the molecular
compound between naphthalene and p-dinitrobenzene.

In part II an attempt has been made to provide a theory of molecular
compounds. The class of complexes discussed is that for which the well-
understood hydrogen bond or coordination type of bond cannot possibly be
postulated. It is suggested that van der Waals forces are the source efv
complex stabilization, and arguments in support of this view are given.
There follows next a brief discussion of the color of the complexes with
a suggestion as to the origin of the color. Part II concludes with a summary

of the available x-ray data for several crystalline complexes.,



Part I

MOLECULAR STRUCTURE INVESTIGATIONS



In a recent paper,! which was published while
his work was in progress, there were reported the
esults of an electron diffraction investigation of
he structures of phosphorus trioxide, phosphorus
entoxide and arsenious oxide. The values which
have obtained for PsOs and As,O4 are in good
reement with those of Maxwell, Hendricks and
mg On the other hand, the latter authors
nable to deduce a structure for P4O;, and
2 to the conclusion that the molecule probably
lower symmetry than that of the point group
- The reason for their failure probably lies
e fact that the molecule has an abnormally
rt P-O distance and we were led to our final
“ cture, which gives an excellent fit with the
otographs, only after very many models had
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The visual method of measurement was used, ‘
the results being compared in the usual way Wlﬁ't
the approximate scattering formula

e _smsr‘, 3 !
I 2” Z. 1 STij é

jth atoms, Z;Z; their atomic numbers and s E

(4m sin 6/2) /N, where 0 is the scattering angle afi
N\ the wave length of the electrons. Radial
tribution curves? were also calculated and in
atomic distances deduced from them. When
molecule contains several approximately egqs
distances, the radial distribution method fail
resolve the closely spaced maxima and very li
information can be obtained from the curve. A
modification of the method, suggested by Dr;ﬁ
Schomaker of these Laboratones, in. wh 1ch




2785 .19
4.239 4.25
5.434 5.39
6.240 6.24
7.055 6.95
8.121 7.95
9.213 9.20

10.278  10.42
11.261 11.00
12.353 11.84
13.292 13.12
14.218 14.33
5.347 15.37
16.309 16.15
17.298 17.05
18.21 18.13
19.246 19.17
20.224 xkgo.os

22.087 ol 8

or is equal to one-tenth for the last measured

, gave a satisfactory resolution of most of the

ances, and was invaluable in fixing the model
P4010. s X

As4Os, P4Os, PsOyg, and (CHs,)eN, were measured

Oxford using the apparatus described by de

zlo;* for his assistance in operating the elec-

Dr. A. H. Gregg. The measurements on As,Os,
..13‘406, and P;0y0 were then repeated in Pasadena

two sets of results were found to agree to
;E‘%%% With the latter apparatus two or
ree extra outer rings were obtained, but the
r jet-to-camera distance employed in the de
szlo apparatus enabled some inner fine struc-
‘be resolved which was of great help in the
investigation.

Experimental

$405 used was the c. p. arsenious oxide of
rce which was not further treated.

4O was prepared by the method of Wolf

ager,’ a modification of the older method

and Tutton.® The trioxide so prepared

1 to 29, of free yellow phosphorus even

2
d

Mean .9909 Mean

- share of this free phosphorus was remc

“radiating the impure oxide for two da..,
mercury vapor lamp. This treatmen

.converts the yellow form into the much 1

tile red form permitting separation by
quent distillation i vacu.

The P40y used was commercial C. p. phos
pentoxide which was sublimed in a stream
gen to remove lower oxides. This tre
necessary since the lower oxides are al
tile. N

The hexamethylenetetramine was a com
sample purified by vacuum sublimation.

h




~ Arsenious Oxlde.—The models tried for As4Os
onsist of four As atoms at the positions (v,v,v),
v,v), (V,v,v) and (v,v,v) and six O atoms at
positions (#+1,0,0), (0,=u,0) and (0,0, =u)
%g 164
- The photographs of As;Og show thirteen max-
eleven of which were measurable. The first,
nd and fourth maxima are strong. Preceding
fifth maximum and following the sixth maxi-
n there are deep minima of about equal depth.
ifth and sixth maxima are of equal mtens:ty
} alues of sy for the maxima and minima and
imated intensities of the maxima are given
able I together with the weighted intensity
laes, ¢, used in the modified radial distribution
hod. The corresponding values of s for
5 VIT and VIII are also given.

2 3 4 5

3 Interatomic distance.
- Fig. 2—Radial distribution curves.

-rble IT the parameters of all the models for
tensity curves were calculated are given

VI is not satisfactory because the sixth maxim
has become weaker than the fifth. ‘

TABLE 11 ;
Model u 2 As-As As-O 0O-As-O As—O-A
I 2.310 1.155 3.26A.2.00A.109°28" 109°98

ol 2.057 1.308 3.70 2.00

I 1.890 1.160 3.27 1.79

v 1.890 1.142 3.23 1.78  97°20’ 130°1

%t 2.038 1.142 3.23 1.84 102°34’ 121°

VII  1.981 1.142 3.23 1.82 100°39’ 125°":
VIII 1.959 1.142 3.23 1.81  99°54’ 126°2

Models VII and VIII lead to the following valu

of the interatomic distances and valence angles ‘

Model VII Model VIII
As-As = 3.20 A, As-As = 3.20 A.
As-O = 1.80 A. As-O = 179 4.

O-As-O = 100°39’ 0-As-O 99°54"
As-O-As = 125°%’ As-O-As = 126 °20'
The radial distribution method applied to t
As,Og photographs gives a curve with maxin
1.82and 3.21 A, corresponding to the values g
above for the distances in the molecule.
curve for this calculation is given in Fig. 2.

I

Fig. 3 the theoretical intensity curves for As;O
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TaBLE III

s(V1)
1.60
2.49
3.40
4.57
5.86
6.30
7.08
8.39
.9.70
10.72
11.23
12.49
14.09
15.69
16.95
17.70
18.52

16 19.90 19.71

diven. As final values of the distances the follow-
y are given:
As-As = 3.20 = 0.03 A,
As-O = 1.80 = 0.02 A.

xwell, Hendricks and Deming! give As-As =
20 = 0.05 A. They were unable to fix the oxy-
parameter because of the much greater scat-
g power of the As atoms. Fair agreement
ound with the oxygen valence angle As-O-As

to 120°, 127.5° or 140°.
hosphorus Trioxide.—The models used for
‘ e of the same type as for As;Os. The four
i yms are at positions (v,v,v), Fv,v), Fv,v),
,v,v), and the six O atoms at (==u,0,0),

D), and (0,0,=1).
he photographs of P4Os show nine maxima,
] % which are measurable. The first, second
‘ h maxima are strong; the second maxi-
followed by a weak, almost shelf-like
m; the sixth and seventh maxima are
of nearly equal intensity, separated by
and deep minimum; and the minimum
the weak eighth maximum is slightly
that which precedes.

ues of sy for the maxima and minima and
nated intensities of the maxima are given
le III. Values of the parameters of models

As-O-As
0-As-O

126 = 3°
= 100 = 1.5°

o

g

s(VIII)

1.62
2.47
3.39
4.56
5.91
6.30
7.02
8.37
9.68
10.71
8. 19
12.42
14.05
15.62
16.84
17.58
18.44
19.63 0.990

Mean . 9802 Mean

become weaker than that which precedes
any model with the value of the para
greater than that of model VIII would ma
same minimum too deep in comparison
preceding one.

TABLE IV
P-P P-O
3.010 1.597
3.010 1.620
3.010 1.654
3.010 .666
3.010 1.675
3.010 1.684
3.016 1.721
3.010 1.843

Model u
v 1.600
I 1.664
v 1.750
VII 1.780
VI 1.800

1

i

2.

O-P-O
90°11’
93°10’
96°53"
98°6" .

.064

VIII .820
11T .900
II 128

064
.064
. 064

e e e
T L S R e g

109°28" 109

Models VI and VIII lead to the following
of the interatomic distances: ;

Model VI
P-P = 295 zi
P-O = 1.64 A.
O-P-0 = 98°50'
P-O-P = 127°52'

A final choice of model must lie between 3
VI and VIII, possibly favoring model V
leads to the final values of the distances:

P-P = 2.95 = 0.03 A.

P-O = 1.65 = 0.02 A.
O-P-0 = 99° = 1°
P-O-P = 1275 = 1°

The resul
Demirng! :




esponding to in-
66 and 3.03 A The‘

measured maximum is broad, and is prece
a well marked minimum. The minima i
ately preceding and following the weak
maximum are both weak, the oute
possibly a little deeper. The meas

so of the maxima and minima and
intensities of the maxima are 1

In Table VI the models for wh

10
7.215H
35 8.345
9.86
16 11.102
12.097
31 12.922
13.730
1% 12771014.401°
15.351
2 27 16.043
8 Not measurable
1 14 18.645
9 19.662
2 27  20.4701720.
JN 10 21.525 21.38
1 12 - 22.943 23.00

TasLE VI
b Lot o P=Byo PO
! | | § 1.820 2.011 3.01
1 1 9 . 1.820 1.926 2.57
4 & ¢ 1.867 1.919 2.56
S 3 1.785 1.043 2.61

ted intensity curves for P4Os. ] : 1.785 1.830 2.91
1.805. 1.844

hosphorus  Pentoxide.—The photographs ; i f:gg:

how eleven measurable maxima. The
' trongest and is followed
able minimum inter-
ximum is moderately
oad shelf-like regi

o

B e e e e e
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[ it has been used for the final calcula-
nteratomic distances of the molecule.
ollowing distances result from these calcula-
tions:

101.5 = 1°
123.6''+="1°
118.5' =11°

OPO
POP
OPO’ =

284 = 003 A,
1.62 = 0.02 A.
1.39 = 0.02 A.

a5

Xy

o
I

St
e

A glhe angle designated by OPO’ is the angle
. formed by the P atom at (a,a,a) and the O atoms
at (b,0,0) and (c,c,c) (Fig. 5). It may be seen
from an inspection of the models listed that the
enice angles are very closely limited. Model
differs from model XI only in the phosphorus
rdinates, causing a change in the P valence

tative agreement with the photographs in

sagreement of model
from the satisfactory

5—Photograph of model of P4Oj. The
the silver balls repre-

odified radial distribution method sug-
Dr. Schomaker gave a remarkably good
of the vanous peaks, nearly all the in-

of only about one degree, but it is not in-.

The theoretical intensity curves fo
of Table VI are shown in Fig. 6.
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camera distance and show six ma
two are strong, the third broad a
fourth very weak, the fifth fairly sg)
sixth very weak. ;
The hexamethylenetetramine model
tially the same as that for P,Os and AsiOs.
N atoms are in positions (v,v,v), (V,v v) (v
and (v,v,v), six C atoms in positions (==1,0,0
(0,%=u,0) and (0,0,=u) and the twelve H atorhs :
in positions (x,x,z), (X,x,2), etc. The hydroggxf
parameter could not be deduced from the photo-
graphs and an assumed value of 1.09 A. for
C-H dlstance was used in computing the

Table VII



the maxima and minima together with the
ated intensities of the maxima; the s values
e above model are also listed, and the aver-

TaBLE VII
So s s/s0

2.966 2.93 0.988
4.261 4.06 .953
5.606 5.56 .992
7.303 7.15 .979
8.774 9.41 1.073
10.54 10.75 1.020
11.47 11.40 0.995
12.49 12.35 0.989
13.52 13.68 1.012
16.79 16.25 1.029
Mean 1.003

1 distribution curve shown in Fig. 2
147 A. and C-Cor N-N = 2.43 A.
1 with the above model.

Discussion of Resulfs

ystances reported in this paper, two,

etetramine and arsenious oxide,

udied in the solid form. Hexamethyl-

crystallizes in a body-centered cubic

<inson and Raymond’ reporting a regu-

dral arrangement of valences with C-

A, Gonell and Mark® gave C-N =

C-C = 2.58 A, and this same type of

1as also been conﬁrmed by Wyckoff and

y give C-N = 1.42 = 0.08 A. The

e covalent single-bondiradii'® of carbon

ygen is 1.47 A. in good agteement with the
tich we find here. ¥

. blC As,05, was reported by Bo-

of As;Os molecules in a dla-

Both the As and

ds to two A toms of a neighboring
This attraction between nelghbomg
molecules apparently draws ghe O atom out, in
“creasing the As-O distance and decreasm,

ceule.

atoms too, since each forms three strong bor
oxygens in the same molecule and t
bonds to oxygens of adjacent moleculs
determination of the crystal parameters
by Harker and Eskijian'? in these
confirming the older values but fixing them
closely (to within about 0.03 A.).

Arsenic apparently has a tende
bonds at angles smaller than the tetrahe
as As;Og is not unique in this respect.
compound where the atoms form closed rmgs
might be thought that the As valences are stra
into taking up this angle because of the tendes
of the oxygen angle to expand beyond th
hedral value'® but even in compounds
groups attached to the As atom form no
bonds, the As bond angle is considerably 1
109°28’. Examples are AsCl; 103°,'#15 101
4°,16 AsBr; 100 = 2°,6 As(CHj;); 96 = 5°.1

The remarkable constancy of this an,

Steric effect and electrostatic repulsions are
different in this series of compounds that
cannot be the deciding factors in fixing the
According to the theory of dire

utilization of p orbitals alone lea ‘the

tion of bonds which are mutually perpendlcular
Hybridization with the s orbital gives rise t
stronger bonds which, if hybridization is
plete, as with carbon compounds, are at an

of 109°28’. If, however, there are unsha

trons, as in the case we are considering, hy

tion may not be complete, for there are two 'of
posing tendencies. On the one hand, hybridi
tion tends to stabilize the bonds but at the:

(12) Unpubhshed work. %
Hampson, Trans. Faraday Soc 2, x

Z Phys 2, 867 4,(,
es and Sutton, T}




whereas the unshared pairs of electrons

ys most stable when they occupy the s

als. « As usual the actual configuration taken

pis é’hag which gives the lowest energy.

m of the covalent single-bond radii!® of

sand oxygen is 1.87 A. The decrease from
"’f the radii to the observed value of 1.80

: regular tetrahedral model.
hosphorus, like arsenic, shows a tendency to
m bond angles less than the tetrahedral angle.
Oy it is found to be 99°.  In other substances
e the groups attached form no other bonds
e same behavior is noted. Examples are PF;
88 =44°11 PCl; 100 = 2°,4 PBr; 100 = 2°%
- PIL; 98 = 4°, POCl; 104°, P(CHs); 100 = 4°.17
The sum of the covalent radii! for phosphorus
is 1.76 A. « Again the observed value
esumably because of double-bond char-
ith As,Os.
9 the phosphorus angles are 101.5 and
. The latter angle is that between an
(fxggen atom and one within the P,O¢
ezme],g”” Addition of this outer oxygen atom
h d yv%ry little effect on the other bond angles
t!:us ‘might have been anticipated from the
values g@%en for PCly; and POCl;. The most
~thng§eature of the P4O; molecule is the un-
ally ﬁort distance of 1.39 A. between each P

) and is approximately that expected
le bond between the two atoms. A
omaly has been observed in thiophos-
y léjlorlde, PSC13,20 where the P-S dlstance is

1§§ance of 2. 14 A. It is clear that double

T

. /O—
: O=P—0—,1,
d ch;;racter in a structure such as 5

’ mm of four extra oxy-
“very little effect on the di-

P Os “kernel & and smce We have

postulated smgle-dou‘bi”é bond resonance in PO

it seems reasonable to conclude that it also occurs
in P4Oy. The important systems are probably
II and III in resonance with I.

+
0— _zpriotbepiy
0—pZ0 O—AP/
\()~ Rt
11 111

There is another piece of evidence whi
this conclusion. In P4Os the contribut

double-bonded structure IV P<
O=

lated to explain the shortening of the:
below the single bond value. In this:st
the phosphorus and oxygen atoms cag‘g
charges anu so there is no “‘formal chﬁ

in structures IT and III of P4Om the po
on the oxygen or phosphorus atom

tive nuclear charge we should expect the bo
length to be diminished. The P-O distance
P4Og is 1.65 A. and the corresponding distance
P40y is indeed shorter, being 1.62 A. The diffe -
ence may be due to experimental error, althoug
in view of the above argument it may be of so
significance. As regards the other P=O distan
having the extremely low value of 1.39 A., t
“formal charge effect” in structure II (negati
charge on the oxygen, no charge on the pho
phorus) would lead one to expect an imer
rather than a decrease. One is force
clude that the predominant factor here ;
the polar character of the bond. In discu

PSCls, Beach and Stevenson® ruled out any
of ionic character and formal charges o
length of the bond, but concluded that the s
ening of the P-S distance must be du(};tf

siderable (about one half) contribution

without, however, giving any reasons. = The
P-O distance in P40y is in accord with the
cal properties of this molecule. Such short |
are presumably extremely stable, and th
stability and resistance to reductlon
well known.

s to Professor

We wish to express our tha

Brockway, Professor Pa.uh:&‘ énd Professor

hgfhelp and interest in this work,



de, phosphorus trioxide and hexamethylene-
»tramine show that the molecules consist of four
phorus or nitrogen atoms in positions (vvv)
) (¥vv) and (vvVv) and six oxygen atoms or
hylene groups in the positions (==u00)
10) and (00=u). In phosphorus pentoxide
are four additional oxygen atoms in the
itions (www) (Www) (Www) and (www).
‘he interatomic distances and angles are: for
As-O = 1.80 = 0.02 A., 0-As-O = 100

‘,ﬂi

A, C-NC = N—»C~N 109 5o

162*0021& P-0’ = 1.39 = 0.024., O~
= 101.5 = 1°, P~O-P = 123.5 = 1° &}
&= 1165 £l

The shortening of the bond distance
P,0s and P4O; below the theoretical s
values is attributed to single-bond w
resonance. It is concluded that the ab
low value of 1.39 A. for the P-O’ bond in
due to the polar character of the bond.

PASADENA, CALIF.




THE DETERKINATICN OF THE MOLECULAR STRUCTURE OF TETRANITROMETHANE

BY THE ELECTRON DIFFRACTION METHOD

Because of the unusual properties of tetranitromethane and the con-
flicliing views with regard to its structure, it was felt that an electron
diffraction investigation of it would be desirable.

The samples of the compound vsed in this investigation came from two
sources; one sample was purchased from Kahlbaum, and the other sample was
nade according to the method of chaxtaway.l Both samples were subjected
to guccessive vacuum fractionations until the first, last, and middle
fractions had the same vapor pressure, in agreement with the values found
by Menziea.z

The electron diffraction photographs showed seven measurable rings.
The measured values of So = -%E’sin-—g~ for the maxima and minima, the
estimated visual intensities, and the coefiicients of the modified radial
distribution function are listed in Table I. In the aone expression for
8, A is the de Broglie wave length of the electrons, and © is the

scattering angle. The coefficients ¢, were obtained from the estimated

: wga®
visual intensities I_ by multiplying the latter by sﬁe 3¢, where 8,

-]
is the value of 8, for the k'th ring, the value of "a" being chosen
such that the exponential factor is equal to.O.l for the last ring.

In all of the assumed models fo? which intensity curves were cal-
culated, there are four nitro groups attached to the central carbon atom
at tetrahedral angles, i.e. £ NyCH; = 109028'., The assumed values of
G- = 1464, §-0 = 1.201 A, and the £ O-N-O0 = 127° are those

found by Brockway, Beach and Pauling3 for nitromethane.



"

Table I

Nax. Min. 1 Sy S, 8y17/ %

k3 1.76 (0.920)

1 g 4 , 2.79 (0. 903)

2 4,50 1.000

2 10 o4 5483 1.033

3 7.02 1.027

3 3 12 7.81 1.001

4 8.63 1.008

4 3 15 9.43 1.027

5 10.45% 0. 996

5 ) 25 11.71 0.997
6 Yot accurately measurable

2 15 17.20 0.994

7 19.10 1.021

7 1 6 21,70 1.018

jean 1.011

After assuming the previous dimensions and configuration of the nitro
groups and the dispos‘itien of the O-N bonds, there remains the possibility
of twisting the nitro groups about their respective C~N bond directions.

In all models the nitro groups were twisted in phase, i.e. ir such a manner
a8 to keep the oxygen atoms of adjacent nitro groups as far apart as
possible, all groups being given the same angle of twist f . Figure I

is o sketch of the molecule for £ = 0° . Figure II shows the equilibrium
configuration of the molecule which is finally accepted as the result of
this investigation.

Models I to III are static models, the nitro groups remaining at a
fixed angle ¥ . 1In models IV and V the nitro groups were assumed to be
in rotatory osecillation about the position P = 03 with oscillation
amplitudes of 30® and 40® respectively. The character of the oscillation
was assumed to be of the form ¥ = ‘P, sin 27T t, an obviously idealized

formulation, which however is probably as goed as any other simple



Fi16. 1

FIig.I
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3

approximation that can be made. The range of oscillation was divided into
.three "time equal sub-intervals; -P, to -f /2, - ¢./2 to +P,/2, and
+ f/2 to + ¥, . In accordance with the assumed character of the
oscillation the group spends equal times in each of these ranges. Time
average values of ¥ were calculated for each of these inmtervals, and
interatomic distances were calculated for each range using the average

¥ for the range. It is to be noted that the distances so calculated
are not time average distances, but distances calcvlated from a time average

angle. In meking the intensity curve calculation by the approximate formula
sin sl

. 175 51 ij
distances were divided equally among the three ranges of ¥ .

, the coefficients for the ¥ dependent

It became apparent that models I to V all showed more msxima and
wminima in the reglon beyond s, = 10 than the photographs did, and that
no obvious change in the above type of model would alter this. It was
suggested by Dr. Schomsker of these laboratories that the usually dis-
carded temperature facter e © in the intensity formula ought to be
retained for molecules with changing distances. The intensity formula

ineluding the temperature factor 5.8,4:
sin sl
- iy -
1 ‘Z'Z 2,2, T A

in which A'i.? = 1/2 W’asa , and T.S—r:pa is the mean square
variation of the distance rij . The effect of the temperature factor
is to make the widely varylng distances increasingly less important as
the scattering angle increases.

In order to test thls suggestion an intensity calculation was made
in which only the ¥ invariant distances were included. If thermal
motion of the nitro groups is great, such a calculation should show

better agreement with the photographs in the region of large 8, values



i

since the temperature factor mekes all ¢ dependent distances un-
important for large velues of s_, fThe curve resvlting from this
caleoulation (KModel VI) is shown in Figure III, and is in excellent
qualitative agreement with the photographs beyond s, = 10.

Since kodel III showed the best qualitative agreement in the region
out as far as s, = 10, 2 model was assumed in which the uitro groups
oscillated with an amplitude of 20° about the position of 30e twisty
icee P = 30® 4 20° sin 274, For the calculation of approximate values
of v??;;;TE the oscillation ranse was divided into three time equivalent
ranges 23 before. A time aversge @ was calculated for each range as
tefors, and interatomic distances calculated from these sverage angle
values. The deviations from the ¢ = 30° distances were then squared
and the mean taken. fThe approxirmtion involved in this calculation of
mesn sguare devistions is probably no more objectionable than is the use
of a temwperature factor derived for small displacements. In making the
intensity calculation the 1ij values (i;teratomic distances) used were
those for the equilivrivm configuration of ‘f = 7%0e, and the coefficients
including the temperature factor were calculated for each integral wmlue
of 8, . Ho detectable discontinuities in the curves are cavsed bty these
chanzes of coefficients. The model just deseribed avpears as hModel VII
in Figure I11.

In a similar wenner Models VIIT and IX were calculsted for angles

of twist of 0° and 25¢ and oscillation amplitudes of 30® and 20

respectively. Table II is a list of the various assumed modelz.
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Table 11
Nodel Type Equil. Poswm. prplitude

I Static Ce 0o

I Static ' 90e Qo
111 Static | ' 300 0o
1v Oscillating; no temperature factor Oe 30e
v Oscillating; no temperature factor Qe hoe

Vi Independent distances ocnly - =
VI Oscillating; temperature factor 300 200
VIII Oscillating; temperature factor Ce 30e
IX éscillating; terperature factor 25e 200

In all models G-¥ = 1.46 &, ¥=-0 = 1.21 &, Z.0-N-O0 = 127e,

and £ N-C-H = 10928,

The curve for MNodel VII best reproduces the observed data with
regard %o qualitative features. On the photographs the minimum follow-
ing the fourth maximum appeared slightly deeper than the curve for
Model VII indicates, but the over-all agresement is very satisfactory.
/s,

for lodel VII are listed in Table I. After making the small change of

A quantitative comparison was next madej the values of B ol

scale the values of the interatomic distances and valence angles ares

C-N = 1.47 +0.02 &  Z 0-§-0 = 1270
]
A

-0 = 1.22 % 0.02 ! L ¥-G-H = 109928

Discussion:

The two oxygen atoms bonded to the same nitrogen atom are 2.18 1
apart, whefeas the closest approach of oxygen atoms of different nitre
groups varies from 2.48 A to 2.73 3 as the angle of twist varies, the

equilibrium distance being 2.57 A. If it is remesbersd that 2.5 A



is approximately the distance of closest approach of oxygzen atoms not
vonded to the same third atom as is indicated by numercus crystal
structure investigations the reason for the nitro groups oscillating
rather closely in phase about the apparent equilibrium position is
evident.

5

Another model proposed by Mark and Woethling” on the basis of
admittedly incomplete x~-ray data had three nitro groupe and a linear
nitrite group, the molecule exhibiting point group symmetry 03v » the
three~-fold axis coineciding with the linear axis of the nitrite group.
The molecule which this investigation indicates as the correct ons
belongs to the tetragonal point group S,. It is possible that the S,
molecule is in a condition of almest free rotation in the erystal
lattice at temperatures close to the melting point, thereby assuming
a sbatistical symmetry which will meset the synmetry reguirements of the
space group determined by Mark and Noethling. Moreover, a linear
nitrite grouwp is very unlikely iIn the light of other structure deter-
minations of nitrites, all of which indicate non-linear groups.

Another plece of evidence in favor of the symmetriesl structure
proposed'in this paper is the zero dipole moment of the molscule.
The investigations of williamae. and of Weissberger and SangewaldT
both indicate a zero moment to within the accuracy of the experimental
measurement .

The modified radial distribution methed gave very little information,
The only peak which was of much value was that at 1,21 &, which indicated
the ¥-0 distance guite accurately. The curve is shown in Figure IV.
he heavy vertical lines indicate P -independent distances, the thinner

lines indicate { ~dspendent distances. The lengths of the lines

7
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indicate their relative importance at s, = O, the importance of the

f -dependent distances falling off rapidly with inéreasing s, » In

all cases the position is that of the equilibrium position for Medel VII.
The observed C-N distance is just the sum of the covalent radii

of carbon and nitrogen stoms, that is, 1.47 A. The value 1.22 A found

for the N-0O distance is considerably less than the sum of the single

bond radii for nitrogen snd oxygen which is equal to 1.36 A This

value found in this investigation is within 0.0l A of 1.23 &, the

value expected for 507 double bond character for the bond on the basis

of resonance between the siructures I and II below. There is apparently

no pronouvnced additional shortening of the W-0 bond caused by the

formal charge of .the nitrogen atoms

- o)

/° 7
;& — N
T air

Surmary s

4 structure for tetranitromethane is proposed which is in agreement
with electron diffraction data. In the model there are four nitro groups
attached to the carbon atom at tetrahedral angles, the C-¥ distance is
1.47 + 0.02 1, the ¥-0 distance is 1.22 %+ 0.Q2 4, and the angle O-N-0 in
the nitro group is 127°. 1In order to obtain satisfactory intensity agree-
ment it.was necessary to assume the nitro groups te be undergoing rotatory
oscillation sbout the C-N bonds in such 2 way as to kXeep the oxygen-oxygen
repulsions essentially minimized, and to include the usually omitted
temperature factor in the approximate intemsity formula.
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THE ELECTRON DIFFRACTION INVESTIGATION CF

PHOSPHOEUS SULFOXIDE, Py0g5,

Phosphorus sulfoxide, P,0gS,, was first reported by Thorpe and
Tuttong in a paper giving the method of preparation of the compound
and the results of vapor density measurements. Its mode of formation
by direct reaction of P,0g and the stoichiomeiric equivalent of free
svlfur (a resction paralleling the reaction of P,04 and 0,) suggests
that P,0g8, should be structurally similar to Pg0yo. The Pg043,
used in this investigation was prepared by the method referred to above,
and was purified by = vacuvum distillation, crystallization frem (S,,
and a second vacvum distillation.

Electron diffraction photographs of the compound were made in the

usval way, and were found to be excellent, shewing thirteen measurabdble

rings. The measured values of 8, = ng'sin-% for the maXxima and

minima (in which A iz the de Broglie wave length of the electrons
(about 0.0o E). and © the scattering angle), the visual intensities

I,» and the coefficients ¢, of the modified madial distribution function

@

sre listed in Table I. These coefficients are the visually sstim-ted

~a82
intensities multiplied by sﬁe k , vhere s

2

ktth ring, =and "a" is chosen such that e **"  ie¢ equal to 0.1 for the

is the s, value for the

last ring. The resulting numbers are normalized to one hundred for ease
of computation. The radial distribution curve is presented in Fligure

I, the vertical lines indicating the &istances found in the final model
and their relative importance. The large peaks at 1.61 A and 2:87 3

were immediately recognized =28 due to the bonded P-0 distance and the non~-
bonded B~-P distance respectively, since these are within a few hundredths

Q
of an Angstrom of the values found in a previous investigation of P40109.
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Table 1

Kax. Kin, 1, Ce 8o Q?/sc
1 2.43 (0.827)
1 10 1 3,10 (6.929)
2 383 (0.9h8)
2 15 4 L. oY C.974
3 Absent

3 Shelf; not measured
L 6.45 0. 960
4 5 4 7409 Ga 994
5 8.01 0.986
5 10 14 8.87 0.991
6 1C.21 0.979
6 4 g 11.26 0,995
7 12.28 0.998
s 5 16 13.14 0.987
8 13.87 0. 984
4 2 1 14.49 0.977
g 15.12 - 0.979
9 5 20 1581 0.992
10 16.55 0. 995
10 3 14 17.26 0.989
11 17.90 0. 987
¥, 19.24 0.986
12 5 2l 20.49 0.991
13 21.73 1.002
13 1 5 22.68 0. 988
14 2357 0. 977
14 2 8 2k bb 0, 984
15 2071 0.999

Mean 0.9867

kaking wvse of the information obiained from the radial distribution
curve, a series of wodels were calculated using the values of the P and 0
parameters fer)the Palg "kernel" as found in P,0;, and varying only the
S parameter. These models have four P atoms at (a,n,a), (a,2,a), (3,3,3),
and (3,4,3); six O atoms at (+b,0,0), (0,#b,0),and (0,0,4b); and four $
atoms at (c,c,e)y (€,Cye), (CiChe}dy and (e,c,e)e  In Pa0g8, the four §
atoms ave substituted for four O atoms in similar positions in Pg0,4, the

rolecule exhibiting symmetry T A list of the models for which

d.

intensity caleculations were made is presented in Table II. In meking



R2

Table II
lodel a b ¢ P-5 P-0 P-p
1 1.018 1.792 2.040 e 4 1.63 2.88
11 1.014 1.792 2.1%5 1.97 1.63 2.88
8 1.018 1.792 2.132 1.93 1.63 2.88
1V 1.018 1.792 2.11% 1.90 1.63 2,88
v 1.018 1.792 2,098 1,87 1.63 2.88

In all models £ 0-P-0 = 10l.5°, £ 7-0-P = 123.59,
L 0-P-S = 116.5¢ .

the intensity calculations the spproximste intensity formula

' Z Z zizj si:rsr”

’ i 3 ij
was used. The curves resulting from these calculations are shown in
Higure 11, the vertical arrows indicating the measured positions of the
mafimse and minima.

Characteristic features of the photographs ares a weak shelf
following the second maximum; a merked broadness and asymmetry of the
third, {ifth, eleventh, and thirteenth maxima; a relatively closely
spaced "triplet" between 8, = 15 and 19, with the middle ring
slightly weaker than the outer two; and a very weak bui measurable
twelfth ring, It may be seen from the curves that model V best re-
produces these features. The cuantitative comparison of 8cale. and s,
was made for model ¥, the values of sc/ae being listed in Mable I.
after changing the scsle of the model as indicated by the sc/s° ratio
the following distances are found for P,0gS,:

P-0 = 1.61 + 0,02 & L 0-P-0

#

101.5¢ 4+ 1@

#

i

P~ 2.8%5 + 0.03 ?; L P-0-P 123,59 + 10

£ 0-p-S

116.50 4 10

0

P-S = 1.89 4 0,02
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Discussion:

The bonded distances P-0 snd P-S at 1.61 4 and 1.85 A are both
less than the respective covalent single bond VQlueslo of 1.76 3 and
2,14 4 . The shortening of the P~0 distance to 1.61 A 1s to be ascribed
to partial double bond charaecter of the bond. Since the octet rule need
not rigercusly apply to elements beyond the first row of the pericdic
table, the following structures are permissible. It may be seen that

11

none of them is in disagreement with the adjacent charge rule .

Since the P-S distance is considerable less than the double bond value

+ +
—0 —_ —0 —0
N\ N - S, AN
———o—/~ .3 —0 —p-5 - 7 Pe§ -—— 0 — P=S
i —o/ sesidll —0
1 11 111 v
— 0 N ¢+ _, 0'\\ * — ? -
—0 — p=8 — 0 — P= — 0 >p=s
—0 — e
v Y1 VIl

of 1.95 Z. and since the P-0 distance is also considerably shorter than
the single bond value of 1.73 & *0, it is probable that structure IIl
represents to the first approximation the bonding arrangements, witﬁ
considerzble contributions of structures such as IV and V. Structures
such as I and II probably do not contribute appreciably since these
would tend to increase the P-S distsnce to the single bond value.

It would appear that structvre ¥ sust contribute to the resonance
system if the shortening of the P-§ bond below the double bond value

is to be simple explained. Structures V1 and VII couvld also result

in a shortening of the P-8 distance by a formal change effect.



A comparison of the P=0 and P=8 distances in various other

phosphorus compounds is instructive.

Compound P=0 Compound P=5
Pg010 1. 399 PyeOeSe 1.85
POCL, 1.58%° PSC1, 1,949
POFC1, 15412
POF,01 1550
POFy 1,56

25

It is evident from the above table that the P=0 and P=3 bond type in
P40y and P, 0g5, respsctively is different from that in the phosphoryl
and thiophosphoryl halides, =and the inclusion of strucﬁure ¥ may be
considerad justifiable.

The (~P-0 valence angle of 101.%¢ is close to the value of the
phosphorus angle in several other compounds, the decrease below the
tetrahedral value of 109928' being explainable by a greater degree
of p orbital character than in noermal 8p3 tetrahedral bonds. The
change of the O~P-C angle from 99¢ in P4069 to 101.59 in P,0g5, and
P40y indicates that increasing the coordination of the phosphorus
atom from three to four tends to make the valence angles becoms more
like those of the tetrahedral PO, .

Sunmary s

The structure of P, 0.8, has been determined by electron diffraction
in the gas phase. The molecule consists of four P atoms at (a,3,2),
(2,2,3), (8,3,a), and (3,a,a); 8ix O atoms at (+b,0,0), (0,+b,0), and
(0,0,+b); and four § atoms at (c,c,c), (c,e,8), (c,C,c), and (E,c,C)e
The valence angles and the principal interatomic distances are:

P-0 = 1.61 + 0,02 &, P-8 = 1.85 + 0,02 &, P-P = 2.85 4 0.03 4,
L0-P-0 = 101.5¢ 4 1°,Lp~0-P = 123.5° + 1°, and(0-P-0 = 116.5¢ + 1o,

Single~-double bond and double-~triple bond resonance is considered to



be the cavse of the shortening of the P~-0 and P-S bond distances

below the single and double bond values respectively.
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THE SPACE GROUP AND UNIT CELL OF THE POTASSIUK

SALT C¥ NITROFORM

Potassium aci-nitroform, KC(NOz)s» was prepared from tetra-
nitromethane and potassium ferrocyanide by the method of Chattaway and
Harrisonlu. The yellow crystals obtained from water solutions are
tetragonal bipyramids showing four prism faces.

Lave photographs taken with the x-ray beam parallel to a; and a4
indicated that the ecrystals belong to the Dy, Laue class.

Rotation aﬂd oscillation photographs were taken with coppef Ko
radiation (filtered through a 27 M nickel filter) with LQOi} "

(iodl , and [110] vertical and normal to the X-ray beam. Layer line
measurements on these photographs furnished approximate lengths for the
axes. These values were refined by more precise weasvrements of
equatorial reflections on the various photographs. The following unit
cell was thereby determined:

ay, = 11.31 + 0,01 A

a; = B.77 + 0.01 &

Z = 8.
The density of the crystals measured by flotation in a mixture of
methylene iodide and benzene was found to be 2.23 + 0.01. This density
requires that there be 8.01 molggules in the wnit found above.

The following reflection forms appeared on rotation, oscillation,

or Laue photographs only under the following conditions :

hké h+k+4 = 2n;
Okt k+£& = 2n
hkO h+k = 2n;
hhe (2) L = 2n;

#
=
=]
H

(v) 2h + £



Wl ALISVS V.

Lave photograph of KC(NO,), taken
with the z-ray beam para

and with &, vertical. TFluorazure in-

tensifying serpens were used.

e
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For the form hhé the condition that £ = 2n is included in

h +k +4£ =2n . The greater restrictions of condition (b) appear to
exist inasmuch as no reflexions disobeying this rvle were found,
although numerous planes not obeying it were in position to reflect
on one or more of the phetographs.

Probable space groups then are n§§ - 1424 ang c:; - 14 md.
In order to distinguish between these space groups the crystal was tested
for pyroelectricity with none (or at best very little) being observed.
The methods used to test for pyroelectricity were: (1) suspending a
crystal in liguid alr in a silvered Dewar flask to test for image forces;
(2) bringing a suspended crystal just cooled in 1iquid alr near a
massive metal object to test for image forces; (3) attempting to observe
ice "fibers® forming on a freshly cooled crystal suspended in air on a
silk fiber.

From the smallness (or absence) of pyroelectricity it was concluded
the space growp is probably B;Z - 1% 24,

Further experiments with the compound were discontinued since the
crystals exhibited the undesirable property of expleding after several
hours in the X-ray beanm.

It was hoped, when this investigation was begun, that some information
about the resonance structures of the nitroform ion could be abtainéd.

It is possible that this information has been obtained without a complete
structure determination. An examination of the point syumetry of the
various available positions in which to place the eight G(NOy)s ions
shows that the enly satisfactory positions are the eight-fold posilions
for which the point symmetry is Cp - 2. The four-fold positions have
the point symmetry S, - L, and these can be dismissed at once since the

ion could not possibly exhibit this symmetry except by being in a state
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Oscillstion photograph of KC{%0,)gs . 83 vertical.

Filtered copper radliation. OCamera radiust 5.0 cm.

Oscillation photograph of KC(NOy)s. 2y vertical.

Filtered copper radiation. Camsra radivs; 5.0 em.
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of rotation. There appears to be no evidence for rotation inasmuch as
the x-ray photographs deo not show an abnormally large "temperature factor®
decline in intensities which ion rotation would cauvse.

It follows therefore that the iom must possess the symmetry C, - 2,
that is that the skeleton of carbon and the three nitrogen atoms are co-

planar., Since this is just what would be expected from resonance of the

structures;
-— -0 o' |
q\-k' - \\ 0 \\ ¥ _ o
0 N~— 6] ;;’J::: 6— " /r«———
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< J o J
T ns e
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——j;/// and~—~§4¢%;
N\ o

G O-
bonded nitro groups, we can conclude that such resonance doss indeed occur.

with resonance of the type in each of the single

The ion is probably not completely planar, since this would require oxygen
atoms of adjacent nitro groups to be closer than the van der %aals radii
would permit. The two forces, the repulsion of oxygen atoms, vhich tends
to twist the C-N bonds and desiroy coplanarity, and ﬁhe stabilizing effect
of resonance, which requires coplanarity, are in competition. The effect
of resonance has presumably made the CN, skeleton planar.

This investigation indicates that similar resonance may take place
in other asymmetric nitro ions, probably to a lesser extent. This

accounts for the observed racemization of optically active nitro ions.



THE SPACE GROUP AND UNIT CELL OF PHENYLPROPIOLIC &CID

The phenylpropioclic acid used in this study was crystallized from
water in the form of long needle-like prisms showing in general only one

prism form.
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A cursory optical examination of the crystals showed that the crystals

were birefringent with parallel extinction. A goniometric examination
gzave the following angles bstween normals to the prism faces: 67oht,
1120491, 67°13¢, and 1l12054t, These data place the crystal in either the
orthorhombiec or the monoclinic systen.

Attempts to take Laue photographs were unsuccessful because of the
smallness of the crystals available and because of the hardness of the
X-Tays.

A series of oscillation and rotatlon photographs were taken with
copper Ko radiation (filtered through a 27 A nickel filter). In taking
these photographs the crystal was mounted in the following ways: (1) the
needle axis vertical, (2) the needle axis horizontal and the bisectrix
of the acute prism angle vertical, and (3) the needle axis horizontal
and the bisectrix of the obituse prism angle vertical. Layer line
measurements established an orthorhombic umit cell, which wgs refined
by measurement of the equatorial reflections on several photographs.

The unit cell so determined isi
g3 = 9.61 + 0,01

-}
A
[+
15.08 + 0.01 A
-]
A

ag =
ay = 5.12 + C.01 A (needle axis)
2 = Y,

For the deteriination of the space group a series of Weissenberg

equi-inclination photographs were made. The reflections observed



Botation photograph of phenylpropiolic acid taken with
filtered copper radiation in a camera of 5.0 ems radius,

The axis a; is vertical (needle horizontal)e.

pecillation photograph of phenylpropiolic acid taken

with filtered copper radiation in a camera of 5.0 cm.

rodivs. The axis 8, is vertical (needle horizontal).
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¥elssenberg phetograph of the hkO reflections

3

of phenylpropiolic s

O

id taken with uvnfiltered

copper radiation in a camera of 2.806 em. radiuvs.
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Velssenberg egqui-inclination photograph of the
hkl (£ = 1) reflections of phenylpropiclic acid
taken with unfiltered copper radiation in a

camera of 2.86 eme radivs.

Weissenberg photegraph of the Okl reflections

of phenylpropiclic acid teken with %

nfiltered

=

copper radiation in a camera of 2.806 cm. radius.
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(expressed in terms of the above axes) appeared under the following
conditions:

hk? ovpresent for h + k + L even or odd;

hkf present for h +k, k + £, h + £ even or odd;

hOfL present only for h + £ even;

Qkf present for k + £ even or odd;

hkO present only for h # k even.

On the basis of this information the unit 1s simple, with two n
type glide planes. There are only two orthorhombic space groups waich
require only the observed absences (after a suvitable interchange of axes).
These are ng - Pnn and 9;; - P n nm. Since the crystals were not
sufficiently well developed to distinguish morphologically between the Cgy
and the Dg, point symmetries, the crystals were tested for pyroelectricity
by the methods enumerated in the previous discussion of KC (NOg)a. A rather
weak eifect was observed, which indicated that the space grovp to be

10
Cay = P n nj this conclusion is however not completely certain, and the

space.grwp I);; - Pnnm must not be dismissed.
The interchange of axes referred to in the last paragraph is the
following:
8y changed to A
33 " YA
23 " oA
Further study of the crystal with the hope of obtaining a complste
structure determination is being made. The purpose of the investigation
is to obtain information concerning the resonance conjugation of the
benzene ring, the triple bond, and the carbexyl group. The amount of

such resonance can be estimated from the valuss observed for interatomic

distances in the molecules.



THE SPACE GROUP AND UNIT CELL OF THE MOLECULAR COMPOUND

NAPHTHALENE: p-DINITROBENZENE

Crystals of the molecular compound naphthaleneip-dinitrobenzene
(1:1) were obtained as yellow prismatic needles by sleow evaperation
of the sclvent from sclutions containing the two components. Solvents
best suited for preparing the complex are these in which the twe com-
ponents have comparable solubilities. The solvent vwhich seemed best for
this particular pair of substances is ethyl acetate. The crystals melted
at 118°C., in agreement with the value given by Pfsiffar15,

in optical examination showed that the crystals were birefringent.
Goniometric measurements around the needle axis gave the following
interfacial anglesy 8013, 99e52t, 80919t, and 99°47'. The crystal
vas therefore monoclinic or orthorhombic.

A Iaue photograph was taken with the x-ray beam perpendicular to
the needle axis snd bisecting the obiuvee prism angle. This photograph
showed a two~fold symmetry axis. Ancther Laue photograph with the x-ray
beamm parallel to the needle axis and with the two-fold axis vertical
showed » horizontal symmetxy plane. These observations indicated that
the crystal belonged to the Cpn Lauve class, and was therefore monoclinic.
The gnomonic projection made frcom the photograph with the two-fold axis
indicated a monoclinic angle of approximately 70°.

Oscillation and rotation nhotographs using copper Ko radiation
(filtered through a 27 M nickel filter) were next made with 3, (the
needle axis) or 2p (the two-fold axis) vertical and perpendicular to the
X-ray beam. These photographs were successfully indexed on the basis of

the following unit cell;

ay = 9.85 4 0.02 4
as = 10.78 + 0,02 &
a; = 6.97 %0.02 &
B = 69957

g = 2

36
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Rotation photograph of the moleculsr compound balken
with filtered copper radiation using a camera of 50
ome radius. The needle axis (a,) ie vertical. fThe

powder pattern is caused by the wax to which the

crystal was attached,
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The above unit cell was tested for correctness by means of & series
of laue photographs asymmetric with respect to the previously mentioned
orientations of the crystal. None of the first order spots, which
nuwbersd about one hundred, necessitated a change in the axes.

The density of the crystals was next determined by flotation in
calcium chloride solutions, and was found to be 1l.39 + 0.02. This
density corresponds to 1.98 molecules of the complex in the unit cell
listed above.

¥o systematic absences were observed except.for the planes OkO which
appeared only for k = 2n, Hence the probable space groups ars CZ -P 23
or CZh - P '%1 . The morphology of the crystal specimens did not permit
a choice to be made between the point symmetries C, - 2 or Cpp -'i s
and therefore the crystals were tested for pyroelectricity by the methods
already described. It was not possible to make a definlte decision as %o
whether the effect was present or not, asnd mmtil a more fefined technique
for observing pyreelectricity is available both space groups are to be
regarded as possible ones.

Inasmuch as the only practical method of attacking a crystal of this
degree of complexity is by the Fouriler projection technigue further
investigation of the complex was stopped. The only available projsction
direction is down the two~fold axis. Since this axis is over ten
zngstroms long it was felt at the time that the results would not justify
the effort involved.

The goal of the investigation was to obtain information as to the
nature of molecular compounds (see part II of this thesis). This
particular complex was chosen because the siructures of the component
molecules were thought to be sufficiently well known to be of aid in

determining the structure of the complex.



PART II

A THEORY OF CRGAWIC MOLECULAR COMPOUNDS



H1

Introduction

By a molecular compovnid one means a stoichiometric complex of
molecules, sach of which exists separately énd may be recovered from the
complex unchanged. In a strict sense one should speak of a cbmpound only
if it can be isolated as a pure substance with definite physical pro=-
perties; however, there are numerous unisolated complexes vwhich give
characteristic evidence of their existence and hence may also be con-
sidered.

The existence of complexes has been inferred in a variety of ways.
The simplest snd most definite evidence is the isolation of a substance of
definite properties the stoichiometry of which can be represented by a
formula mpsnB °°+ , in which 4, B, *++ are the molecular formulae of the
component molecules and m, n *** are integers.

In other cases less definite evidence has been used as an indicatien
of the existence of a complex. kaxima, minima, or non-additivity in a
plot of some physical property of a mixture as a function of composition
have been vsed. BSuch physical properties are the melting point, viscosity,
mole refractions, solubility, etc.

$till another type-of evidence is the appearance of a strong coloer
on mixing colorless or weakly colored solutions of the components.

This discussion will restrict itself to the compounds in which at
least one component is either =n aromatie or an olefinic molecule. In
certain of these complexes only one of the components is organie, the
other being an inorganic halide; while in others both components are

Grganic.



Isplztion of crystalline molecular compounds. - Rarly in the history

of organic chemistry molecular compounds were known and came to be used
as a means of identifying substances. One need only mention the hundreds
of compounds in which one component is picric acid as a single example
of this use of theze complexes. For the preparation of such complexes
the simplest of procedures was used, namely, the picric acid and the
second substance were placed in a solvent (not in excess), heated, cooled,
and the crystals filtered off and identified. If one solvent failed
others were tried. This sirple method in the hands of able experimenters
added hundreds of new complexes to those already known.

In 1924 pimrath and Bambergarl6 showed that the following‘eXpression
was wlid for the molecular species in solvtions from which complexes

could be formed:

In this expression A and B are the components of a complex C; SA 5., and

B’
SC are the saturation quotients (sAttigungsgraden) of species A, B, and C;
and G is a constant independent of the solvent. ¥or G > 1 the complex is
stable relative to iis components, and for ¢ < 1 it is unstable and will
completely decompose (if prepared in some other way such as by fusien of

its components in proper proportions) when placed in any solvent. The

relation of this expression to the association constant is the follewing

_fel o _fey . . ¢ . L
1A118) (A} {] LR |

a)
A} ; ete,

in which square brackets dencte ordinsry concentrations and curly brackets
the solubilities, each in mols per liter.
Hence the only way in vhich the solvent enters ie by way of the

soluvbilithkes of the various species. These authors propounded 2 set of

42
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working rules for the choice of a solvent to be used in preparing a
complex. Most important of the rules for stability of the complex in
a solvent is:

Selubility of more soluble corponent < ¢
Solubility of less soluble component N

In simpler terms it means that suitable solvents are those in which
the two solubilities sre nearly the same, the restriction being less
rigorous with increasing G, the "stability cgnstant.“

In the course of preparation of numerous complexes of arematic
hydrocarbons with aromstiec nitre compounds I have found the following
solvents useful: methyl and ethyl alcohoel; acetic acid; ethyl, propyl,
butyl, and anyl acetates; and acetone. If well defined crystals sultable
for z-ray studies are desired slow evaporation of the solvent (mixed
solvents are generally nct suitable for this technique) at a nsarly

constant temperature is necessary.

Exarples of typical complexes. - 4t this point it may be well te list

a few of the many hundreds of complexes which have been isolated in

crystalline forms

Toluene :+ antimony trichleride 1:1
Toleene ¢ antimony trichloride 1:2
Benzene ¢ antimony tribromide 1:2
Tenzene § antimony trichloride 1:2
Durene 3 carbon tetrabromide lsi
Haphthalene § n~dinitrobenzene 1:1
anthracene 3 s~-trinitrobenzene 1:1

Hexamethylbenzene ; s-trinitrobenzene 1:l
Benzene ; triphenylmethane 1:1
Anthracene 3 picric acid 1:1

Benzene : platinum tetramethyl 1311 (1)
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Although the 131 complexes ars by far the most numerous they are not the
only type found. As two sexamples of other ratios one might list:
Fluorené : s~trinitrobenzene 2:3
Stilbene 3 s-trinitrobenzene 152
Wext in importance are the complexes which have been postulated
on the basis of color reactiens. In numerous cases the admixture of two
substances each dissolved in an inert solvent produces a more or less
intense and characteristic color without permanent chemical changes
appearing in the molecvles of either substance. A few examples will

suffice as illustrations of this type of complex:

Substances Solvent Color

Benzene + Tetranitromethane CCl, yvellow
Perylene + H,S50, H,S0, (conc.) red-violet
1,1'di-p-tolyl ethylene + SnCl, Celg yellow
1,1'di-p-tolyl ethylene + H,SO, HpS0, (conc.) yellow
1,1'di-p~methoxyphenyl ethylene

+ SnCl, _ CoHa red-orange
Haphthalene + p-dinitrobenzene CH4CC0CH yellow
Triphenylethylene + SnCl, Cglg orange~yellow
Triphenylethylene + SnBr, CeHg erange
Ethylenic hydrocarbons + C(10p), CCl, vellow to orange

In numerous cases the only information available concerning these
complexes is the existence of a color reaction. In other cases more
thorough investigmtions of the nature of the complex and its stability

have been made.
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Stability and enerzy effects in complex formation. - With regard

to the question of stability of complex=s the existent data are rather
meager and disconnected. The early investigators of complex formation
were primarily interested in preparing new complexes and vsvally started
with substances of great complexity. Accordingly the greater part of the
data do not pernit an easy snalysis of what is relevant and essential

for the existence of a complex. In mamy cases the data are taken from
long-forgoiien doctéraﬁe theses, and equilibrium constante are given

with no mention of what the equilibrium measured is.

The following table taken from an article by Hamilton and Hammick17
coniains the most recent and reliable data available. ¢he complex
stability was deterumined by colorimetric determinations of the association
constants in CCl, at several temperatures, The substances are s-trinitro-

benzene and the substance in the first colum of the tabls.

Table I
Substance ~OH Substance -AH
o-Toluidine 2.0 o-Chloroaniline 2.1 keal./mole
kecal/ mole
m-Toluidine 2.0 m-Chloroaniline 2.0
p-Toluidine 1.7 p~Chloroaniline 1.9
Aniline 1.9 ¥ethylaniline 2e3
o-Bromoaniline 2¢5 Dimethylaniline 2.7
m-Bromoaniline 2.0 Dipherylamine 1.8
p-idromeaniline 2.1 Triphenylamine l.1

o Haphthylamine ) 3.8

In exch the complex is assumed to be l:l.
The following table taken from Davies and Hammicklg is from a similar
study of complexes between tetranitromethane and various aromatic hydro-

carbons in CCl, solution.
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Table II
Substance ~AH Substance f -0H
urene 1.4 keal./mol Priphenylmethane 0,66 keal./mel
Pentamethylbenzene 1.7 Ethylbenzene 1.08
Hexamethylbenzene 1.5 i-Propylbenzene 1.15‘
Diphenylmethane 0.5 t-Butylbenzene 0.98

In addition to these may bve added the resulis of Hammick and Youngl9

for tetranitromethane and various other substances in CClg.

Table I1I
Substance . _=Ad Substance ' -AH
p-iylene 0.72 keal/mol 2,4%-Dimethylnaphtha~ 0.58 kcal/mol
Diphenyl ether 1.55 <) Naphizgi 0. 86
Naphthalene 0.60 a-Nitronaphthalene 1.69
€] Kethyl naphthalens 0.71 inthracens 1.59

Probably the only completely tenable conclusion that can be reached
from these data is that in all cases the heal effect is small and of the
same magnitude. Kinor fluctuations among isomers may or may nct be of
gignificance because of the method used for the determination of the
equilibrivm constants. ExXperiments performed by nyself with tetranitro-
methane and naphthalene in CCl, show that not only does the color intensity
increase with increzse in the concentration of the components, but the
color also changes in character from s “chromate" yellow to a "dichromate
crange. This change may be sufficient to invalidate colorimetric methods
for high concentrations.

Further data in the form of dissociation constants of complexes in

15

benzene solution are given by the following table from pfeiffer™ .
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Table IV

8nCl, Sn3Br,

6. T4 23.8

7
[::r/ ?z:> orange-yellow orange

C=C 2:75 12.8
Nex
4 2 yellow orange~yellow
CHBu
N,
77> 0=C 0.0251 0.11k

&
e
E::r/ s orange red-orange

The natvre of the complexes. - From the smallness of the heats

of formation of the complexes it can be stated with definiteness that

the bonds formed cennot be covalent bonds. The stabilization must
therefore be of 2 van der %Wasls type. Since complexes can form between
molecule pairs only one of which contains 2 group to which a permanent
dipole msy be attributed, dinole-dipole interactions beiween nermanent
dipoles do not provide the answer. In all cases in which a complex

dogs form one of the molecules nmust Le an aromstic or ethylenic substance
and the second molecule must possess one or more dipele groups of large
or moderately large strength.

Hence one form of stabilization may be the polarization of the
aromatic or ethylenic substance by the second molecule with subsequent
dipole~dipole interaction. The fact that in general only olefins and
aromatics, in which the average carbon atom polarizabilit& is some 35%
greater than in aliphatic compounds, form complexes lends support to

this view.



48

In addition to this and possidly of greater importance are the
London dispesrsion forces which also depend on the atomic polarizabilities.

Unfortunately a direct caleulation of these effects is too difficult
to make even with only approximate reliability. To have significance such
a calculation would have as a necessary prerequisite the knowledgze of the
configﬁraxion of the complex. Since none of the complexes has received
sﬁch thorough study this avenue of attack is at least termporarily closed.

Hevertheless pertinent arguvments in favor of the essentizl correct-
ness of the van der ¥aals stabilization can be given.

A8 & starting »oint we may exXamine the expsrimentally determined
arrangement of molecules in the erystals of p—dichlorobenzenego. p-chloro-
romobeuzenegc. pndibromobenzeneao, quinOne?land p~d1nitrobenzen922.
In all of these substances the substituent groups of one molecule are
lecated at a point near the perpendicular to the center of the ring of a
second molecule. In p-dinitrobvemgsne and (uinone the molecules are
arranged in strings of the type:

(] /0

— 0 20 _o

i
AT P
o’/ o/ﬂ '

It will be noticed that these are juvst the positions which would be
expected to lead to a large van der Waals stzbilization, with the
polarizing group close to the center of meximum polarizability.
Obviously in an appreoach of such intimacy the idealization of a dipole

can no longer be maintained and the dipole must now be thouvght of as an



agymuetrical charge distribution. It is not surprising that the "dipole®
of the nitro group is not normal to the ring. Indeed it is in a position
of maximum effectiveness since the benzene ring must certsinly have a
higher polarizability parallel to its plane than normal to it.

On the basis of the preceding discussion we may postulate that in
a benzenoid or olefinic complex the molecules will be in similar con-
figurations. Por the complex of naphthalene and p-dinitrobenzene one

might expect some arrangement asg

/2 /o

Further we may postulate that the stability of the complex will
decrease if for steric reasons such an approach is not permitised. The
existence of only a few crystalline complexes of aliphatic nitro compounds
with aromatic molecules may be explained in this way. By the geometry of
the aliphatic molecule such as C(NNC,), the nitre groups cannot be both
close and parallel to the ring simultaneously and hence s decrease in
3hability resuvlts, Similar remarks will apply to complexes involving
other tetrahedral molecules, such as 5nCly, SnBr,, etc.

Another type of steric eifect which can be operative in the molecule
containing the nitro group is one affecting the nitro groups of a
moleculs such as trinitromesitylene a3 compared with s~Brinitrobenzense.
In the former compovnd the nitrc groups will be pushed out of co-

planarity with the rest of the ring by the intervening methyl groups.

H-5



This will have two effects; first there will be a decrease in the nitre
moment (Birtles-Hampson effect), and second the nitro group will not be
able to achleve as close an approach to a second molecule as in the
methyl-free compound. In support of these arguments there are the
observations that all attempts to prepare a complex containing tri-
nitromesitylene have failed, although the corresponding s-trinitro-
benzene complexes exist.

We may next consider the effect of substituents in the other molecule
of the complex, i.e. the aromatic or olefin. In the discussion only
arematic molecules will be mentioned with the assumption that similar
arguments will apply to olefins. An examination of the heats of formation
of the complexes of ((N0,), with various benzene derivatives msy be used
as the basis of the arguments (cf Tables I, II, III). Aibout all that can
be sald is that substituents exercise no great influence (in addition to
steric effects) on the stability of the complex. In general sddition of
methyl or amino groups promotes stability, the effect being rore pro-
nounced for amino groups elither simple or substituteds This may he
attrivuted to slight increases in the polarizability of the ring by

resonance of such struetures as

and

e H Y.
/ \—_:_ C/-—-H _ :©= —H
Ht RY
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Svche.resonance would be greatest for arino groups, and hence the correlation

with stability increases may be regarded as satisfactory. Another way

in which a substituent can operate 1s by the inductive elfect, vwhereby
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electrons are memoved from the ring with a loss of polarizability and
hence of complex stability. This can be correlated with the existence
of only a2 few complexes between different nitro compounds.

As a rough rule one might say that the orthe-para directing
subst ituents stabilize a complex while the meta directing groups de-
stabllize, the effect in either case being not very great.

Anot er plece of evidence for the van der Waals stabilizatien can
be obtained from Table IV. In all cases a complex of SnBr, is less
stable (aé shovn by the equilibrium constant) than the SuCl, complex with
the same substance. This msy be explained by the smaller van der Waals
radive of Cl as compared to Br and the resultant more intimate approach
of SnCl, as compared to SnBr,. Also there is probably a small decrease
in the grovup "dipole" moment of Sn-Br as compared to Sn-{l which would
further destabllize the conplex.

Another complex vhich can be explained only on a van der VYaals basis
is that from benzene and platinum~tetramethyl observed by kr. Rundle
and nyself of these laboratoriss. It was observed that when platinum-
tetramethyl crystallizes out of bvenzene, virefringent needle-like
crysials are formed, which disintegrate to an isotropic powder when
thie solvent is completely sevaporated. The powder gave a cubic x-ray
patteran, just a8 did single crysials or pewders from other solvents,
such a8 carbon disuliide and dibutyl ether. The anisotropic crystals

stable in the presence of benzene were undoubtedly those of a complex.

The color of molecular compounds. ~ In the case of most molecular

compouvnds, particular the aitro complexes, charactsristic color changes
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oceur when the components are mixed. In general these colors are
yellow, orange, reé. and in some cases {(arom:tic amines with nitro come
pounds) vielet, brown, or black. Any satisfactory theory of melecular
compounds must indicate at least gqualitatively how such colors arise.

That the color depends on both components may be seen from the following:

Benzene + tetranitromethane yellow
¥aphthalene + tetranitromethane yellow to orange
Anthracens + tetranitromethane red-orange
Naphthalene + s-trinitrobenzene pale yellow
Naphthalene + 2,4,6-trinitrotoluene colorless
Naphthalene + 2,4,6-trinitroz:iline orange-yellow

Naphthalene + 2,4,b-trinitro-chlorobenzene bright yellow

It will be well to repeat at this point that only aromatic and
olefinic compounds show color reactions and complex formation. This
provides the clue to a possible origin of the color. All of the olefinic
and aromatic compounds exhibit characteristic sbsorption in the near
vltraviolet, the absorption in complicated molecules extending into the
visible (anthracene, polyenes, etc.) with the substances showing a yellow
color or tint.

It is now suggested that vhen a color sppears in solutions of complexes
this color is to be related to the sbsorption bands in the near ulira-
violet, the shift of the band info the visible being caused by some non~-
uniform polarization of the arcmatic or olefin molecule by the second
molecule.

The essential correctness of this explanation can be seen from the

colars of the tetranitromethane gomplexes with the serles benzene,
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naphthalens, and anthracene; in these hydrocarbons the Yunperturbed"
absorption moves im toward the visible and the color of the complexes
is accordingly dseper in the order namsd.

The effect of changing the second component of the complex can be

geen from examining the sequence

Benzene + carbon tetrabromide (solution) colorless
Benzene + carbon tetrachloride ( % ) colorless
Benzene + chlorpicrin (CCLlgNO,) very pale yellow
Renzene + tetranitromethane yellow

It is evident that an increase in the group "dipole" moments results in
an incres=se in the color of the complex. In general the anount of the
shift in the absorption rmaximum parallels the stability of the complex,
althouvgh not in & precise way.

Acain it is unfortunate that no wore precise treatmwent of the color
of conplexes can ve given as yet. 7o make such calculations a more
complete knowledge of tihie "unperturbed! absorptisn and of the
electronic wave functions would be necessary. The svggestions made here

seem t0 be at least gualitatively correct.

Suvnary of Existing Structural Data for Complex (ompounds.

48 has been mentioned before, no complete structure investigation
of a molecular compound hns been made to date. A number of x-ray investi-

gations of crystals have been carried out as far as the deternination of

e

tihe unit cell and space group. In Tsble ¥V these are summarized. Of those
listed, the first (napnthalene : p-dinitrobenzene) is probably the one
hest suited to further study because of the smallness of the unit cell

and the simplicity of the components.
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snother complex, as yet not investigated, bstween hexamethylbenzene

and s-trinitrobenzene msy prove still simpler. A practical obstacle

in this case is the preparation of good single crysials. The substance
shows a marked tendency toward twinning, but this difficﬁlty pight be
overcome. (ertainly o complets investigaticn of one of the conplexes
would be worth the effort involved, for then the views with rezard to

the structure of complexes given in the previous sections couvld be

given a direct tast.
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Sunmary

The following table is a summary of the interatomic distsnces and
valence angles for the phosphorus and arsenic compounds discussed in

part I of this thesis.

P=Q or £ 0-P=0? or
X0 _P=S £X-0-X_ £ 0-%-0 £.0-P=S
45,0  1.80 & 1269 100¢
P40g 1.65 12750 99e
P4O10 1.62 1.39A 123,50 101,50 116.59
P,0gS, 1l.61 1.85 123.5%¢ 101.5¢ 116.5¢

Yor hexamethylenetetramine the interatomic distances and valence
angles are:
C-E 1,09 A (assumed) LW-C-N 109028
C-N 1.47 £L.C-N-C  109e28!
/. H-C-H 109028! (assumed)
The investigation of tetranitromethane resulted in the following
interatomic distances and valence angles:
C-N 147 4 £0-N-0  127° (assumed)
N-0 1.22 L N-C-N 1090238 (assumed).
In order to obtain a satisfactory interpretation of the electron diffraction
data it was necessary to assume a rotatory oscillation of the nitro groups
about their C-N bonds, and to include the usually omitted temperature factor.
The remaining pages of part I are devoted to a presentation of the
results of x~ray investigations of three crystals. The unit cells and
space groups are the following:
KC(H0z)s
ay = 11.31 & Z = &
ag = 877
Space groupt D;: -1 i 24
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Phenylpropiolic acid

2y = 9.61 & z = Y4
8y = 1“)-08
ag = 5012

10

Space group: Cay - Pnn

tolecular compound: naphthealene : p-dinitrobenzene

a, = 9.85 4 z = 2
s = 10.78
a3 = 6,97

= 69e57"

2 2 o
Space group: Oz - P2y or Ggh - P —+

In part II of this thesis a theory of organic molecular compounds
based on van der Waals stabilization of complexes is proposed, and

arguments in support of the theory are presented.
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Propeositions

Crgsnic wolecular compounds of the olefin or aromatic series can

be divided into two classes depending on the function of the olefin
or aromatic molecule.

The heats of fomat ion of molecular compounds can be determined
with greater precision and reliebility than they have been o date.
The known structure of the tetranitromethane gas molecule is com-
natible with existing data on the crystal if rotation of the
rolecules in the crystal is assumed.

he electron diffraction investization of tetranitromethane provides
another type of situation for which the terperature factor must be
considered.

doproximate predictions of bond lengths in molecules can be mads from
thermochemical datas

Simple valence bond calculations predict the following order of
stability for the benzoquinones; ortho > para » meta.

A value for the molecular orbital Cculemb integral suitable for
predicting lonization potentials of arometic or unsatursted molecules
ist q = 8.0 electron volis.

4 probable structvre for ¥, S, is that of an eight mewbered ring.

The use of a lecture syllzbus would materially improve the freshman
chemistry couvrse.

In the interests of o more complete training first year graduate
students ought to be allowed more freedom from the inordinate time

demands of research.





