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ABSTRACT



IKVESTIGATIONS OF ThHE &l
ThE FORRATION OF

HANTSE AND KINETICS OF
WMALACHITE Ghawd DYE

“A. kechanism of the Oxidation of Leueco Ialschite Green

The oxidation of leuco malachite green to malachite
green dye is commonly considered to taks place through the

formation of malachite green carbinol:

H
O“"ON«'H) (ox«‘l) (D_Q—DN@@ —oH, O“- Q=N(cuj)k

NE), Mt Wik,

The present study shows that malachite green carbinol cannot
be an intermediate in this processz. The proof rests on the
observation that the oxidation of l@ﬁco malachite green to
dye occurs at a much more rapid rate than that at which
‘malachite green carbinol is dehydrated to dye.

It is suggested that this result is evidence that the
oxidation of ethanol does not take place through the forma-
tion of a gem-diol as intermediate.

B. Kinetics of the Conversion of kalachite Green Carbinol
to Dye

The kinetics of the conversion of malachite green
carbinol to dye have been studied in solutiocons of ionic

strength spproximetely 2.84 over the pH range 2.5 = 4.9.



The rate constants representing the rate of approach to
equilibrium are first order with respect to carbinol and
have the values 15.8, 13.4, 6.2, 8,7, 21.4 and 20.4 x 1074
sec™l at pH 4.88, 4.69, 4.08, 2,98, 2.25, and 1.65, respective-
ly.

An attempt is made to account for the observed minimum
in the curve which results when these values of the constant
for the approach to equilibrium are plotted against pH.

rart 11

ETERMINATION OF SOiE AOLECULAR STRUCTURES
BY THE WETHOD OF SLECTHON DIFFRACTION

A. Adamantane

An investigation of the structure of adamantane by
electron diffraction has led to the following results for
the structural parameters: ¢ - C = 1.54 i 0.012., £CaC30p =
109.5 4 1.5° C - H = 1.094. (assumed), L HCH = 109° 28!
(assumed) The molecular symmetry Tg —‘ZBm was assumed.
These results are in agreement with results obtained from
x-ray diffraction studies of the crystal.

B. 1,3,5,7, = cylodctatetraene

The structure of cyclooctatetraene is of great theoretical
importance to chemists because of the relationship between
this molecule and the benzene molecule., From an earlier
electron diffraction investigation of cyclooctatetraene

it was concluded that all € - C bonded distances were equal



and that the molecule has the symmetry DAd: This result is

in coxplete disagreement with preliminary results from an
x-ray diffraction investigation currently in progress in
another laboratory; these results indicate cyclooctatetraene
to have two different C - C bonded distances and the molecular
symmetry Dage.

The results of our electron diffraction investigation
show that cyclooctatetraene has two C - C bonded distances,
which are about equal to the normal double bond distance
and to the conjugated single bond distance. The molecule
has the symmetry D,y "tub" in agreement with the result from
Xx-ray diffraction.

The positions of the double bonds in ihe molecule can-
not be placed from the electron diffraction data; iwo different
regions of parameter combinations, depending upon the pésition
~of the double bonds, give acceptable models, It is possible
to make a choice between these regions, however, based upon
considerations of strains induced by rotation about the
double bond. The structural parameters for the best model
in the chosen region are: C - C = 1.43(5) & 0.0BZ., Cc=¢C-=
1.33 + 0.028., Z£CCC = 126.5° 4 1.5°, LGCH = 12645 4 1.5°

(assumed), and C - H = 1.09%, (assumed).
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THE [MOLwCULAR STRUCTURL Or ARSENOBHENZENE
DETERMINATION OF THE SrACE GROUP ANWD UNIT CELL

The molecular formula of arsenobenzene is commonly

written as

O-As =As "Q

although the true molecular formula is unknown. Determinations
of the molecular weight of this substance indicate from 2
to 6 of the { )As units to be combined in solution. It
was hoped that a determination of the space group and unit
cell of the crystal would yield useful information regarding
the structure of the molecule,

&4 tentative unit cell was determined from layer line
nmeasurerents made frow rotation photographs, and verified
by a syumetrical Laue photograph., The arsenobenzene crystal
was found to be wonoclinic; and to contain 12 <:>ﬁ%
units per cells Accurate values of the lattice constantis
were obtained from oscillation photographs. These values
are ay = 12.16 # 0.02 &., 85 = 6,22 + 0.01 £., a3 = 24.10 +
0.08 K., <, (=@3) = 110°14' & 5'. With the aid of Weissen-
berg photographs the probable space group of the crystal
was determined to be Cgh— P% or Cz - Pc.

The space group and unit cell of arsenobenzene together

with considerations based on the chemistry of arsenic allow

interesting deductions to be made regarding the molecules



of this substance. One molecule may consist of 2,3, or 6
<::>ﬁ45 units, giving 6,4, or 2 molecules per unit
cell, respectively, There is, however, éonsiderable quali-
tative evidence which indicates that discrete molecules of
arsenobenzene do not exist in the crystal, and that instead
the arsenic atoms are bonded together in infinite chains,

probably parallel to the monoclinic axis.



Part 1

INVESTIGATIONS OF THE MECHANISK AND KINETICS OF THE
FOrKATION OF MALACHITE GREEN DYE

A, LECHANISK OF THE OXIDATIOL OF
LEUCO MALACHITE GREEN

B. KIKEETICS OF THE CONVERSION OF
mALACHITE GREEN CARBINOL TO DYE
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NECHANISM OF THE OXIDATION OF LEUCO MALACHITE GREEN

Introduction

Although the oxidation of C~-H bonds in aqueous solution
with powerful oxidizing agents such as potassium permangan-
ate or ceric salts is common practice in organic chemistry,
the mechanism of the oxidation process is not clearly under-
stood. The more important mechanisms which have been pro=-
posed may be conveniently considered in two classifications,
depending upon whether the primary step is the removal of
a neutral atom from the reducing agent, or the simple trans-
fer of slectrons from the reducing agent to the oxidizing
agent. In mechanisms falling into either of these classi-
fications the substances formed from the initial step are
generally intermediates, which undergo subsequent reactions
of various types to give the final products.

As an example of & mechanism in the first group, we may
consider the oxidation of ethanol to acetaldehyde, as it is

presented in many textbooks(l)

HOOH. H
CHchaoH el [CH3 C<OH] ﬂz—(leCH3C=O
' (L

The initial step here may be visualized as the abstraction
by the oxidizing agent of a neutral hydrogen atom from the

hydroxylated carbon atom; this step is followed by the
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attachment of a hydroxyl racical to yield the gem—diol inter-
mediate, and finally, by dehydration of the latter to give
acetaldehyde. Of course, a mechanism whieh involves the
abstraction of hydrogen atoms from ethanol need not neces-
gsarily form the diol as intermediate; instead of one, two
hydrogen atoms may be removed and acetaldehyde formed direct~
ly by shifts of electrons within the molecule.

The oxidation of ethanol may also be used to illustrate
the second type of mechanism, in which the primary step is
a simple electron transfer from the reducing to the oxidizing
agent.

" H
CH,CH,OH C  fcH,CHOH] — CH,C =0
()

In this process the oxidizing agent may be considered to
attack the oxygen atom and remove an unshared pair of
electrons. This step is followed by the loss of two protons
from the resulting ion to give acetaldehyde.

In comparison with the simple electron transfer, the
abstraction of hydrogen atoms as a process of oxidation has
been recognized for only a relatively short time.(Z) It is
now known to be of fundamental importance in organic reactions
such as autooxidations, induced polymerizations, and others.
‘Recently, many chemists have come to believe that, in organic

reactions, dehydrogenation mechanisms of oxidation are even
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more important then simple electron transfer mechanisus.

In support of this idea, Waters(B) found that many powerful
oxidizing agents, when dissolved in hydrocarbons, catalyze
the absorption of oxygen by these hydrocarbons. Fresumably
the oxidizing agent abstracts a hydrogen atom from an organic
molecule which then combines with oxygen to give a peroxy
free radical., This free radical abstracts a hydrogen atom
from a second hydrocarbon molecule and a chain reaction is
thus inltiated. The action of the oxidizing agent in this
process suggestas that such substances may behave in general
as dehydrogenators in their reactions.

The problem of determining whether an oxidation in
agueous phase takes place by a dehydrogenation or a simple
electron transfer as primary process is an exceedingly
difficult one, Both classifications contain possible mechan-
isms which can give rise to identical products, and the
ability to make a decision in favor of one type of mechanism
usually depends upon establishing the identity of a highly
transitory intermediate. In the case of the leuco tri-
phenylmethane dyes, however, the initial products to be
expected from some of the different oxidation mechanisms
are not transitory intermediates, but are stable chemical
compounds which may be easily identified. The oxidation of
these leuco dyes in acid solution has generally been regarded

as yielding first the carbinols, or "color bases", which are
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subsequently dehydrated to the equilibrium quantity of

aye. (4)

H

SR (onid) o . -0 * (2)

( >*C©ﬂ NeY, — (O ~c—<ONEHy), —— Q~<'-=C>=N(C"DL
i

*v(ets), e, Y

3] H.
leuco malachite malachite green malachite green
green (colorless) carbinol (colorless) dye (green to

blue-green)

This mechanism 1s somewhat analogous to (1) in that the primary
oxidetion product is formed by the conversion of a hydrogen
atom into a hydroxyl group, and, like (1), may be considered
as involving the formation of free radicsls as & primary
step. Moreover, it would seem to be a very logical mechanism,
since the triphenylmethene dyes are kmown to give free radi-
cals(s)and the oxidation of triphenylmethane (with nitric
acid) leads to triphenyl carbinol. The formation of malachite
green dye from the leuco base by a free radical process in-
volving the abstraction of two hydrogen atoms or by an electronic
process snalogous to (2) is also possible. In these cases,
however, the carbinol would not be expected as intermediate.

The primary objective of this study, then, was to obtain
information about the products.resulting from the oxidation
of leuco malachite green, and from such information to deduce

the mechanism by which the oxidation takes plsce. Secondly,
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it was felt that the results obtained would provide some
basis for predictions regarding the mechanism of oxidation
of certain other organic compounds.
Experimental

The experimental part of the investigation consisted
of measurements of the rate of color development in acid
solutions of ceric ion and leuco base, and their comparison
with measurements made on carbinol solutions and dye solutions
under appropriately similar conditions. Ceric ion was chosen
as the oxidizing agent because of its high electrochemical
potential and the negligible color of it and cerous ion at
the concentrations used. The results obtained prove con-
clusively that malachite green carbinol is not an inter-
mediate in the oxidation of the leucc base to dye. The proof
rests on the observation that the formation of dye from carbin-
ol occurs at a slower rate than that at which leuco base is
oxidized to dye.
4. Reagents

Two samples of leuco base were used. The first sample
was the lowest melting allotrope; its melting point, 92-93°C,
compares well with the melting point 93-94°C, previously
reported.(é) It was obtained by recrystallizing 5g. of a
crude product twice from 50 ml. of 95% ethanol, once from a

benzene-ethanol mixture, and finally from ligroin, and drying.
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Solutions of this material less than about one day old were
satisfactory, but the aged solutions gave only a small fraction
of the expected color when mixed with acid ceric sulfate.
The reason for this behavior is not known. The second sample
was an Eastman Kodak Company product with a m.p. 102-103°C.
Solutions of this material were stable in air indefinitely,
whether the sample was recrystallized first or not.

Two stock solutions of malachite green dye (the terms
"malachite green" and "malachite green dye" will be used
interchangeably in the following pages and refer to the
singly positively charged cation) were used in the experi-
ments, and gave similar kinetic results. The first of these
was made up by dissolving National Aniline certified grade
malachite green oxalate in distilled water which had been
made acid to about pH 5 with sulfurie acid. The second was
made from the same source material, but involved first the
preparation of the carbinol. Six grams of the oxalic acid
salt were dissolved in 660 cc. distilled water and the car-
binol base precipitated by adding 60 cc. of 1M. sodium
hydroxide. This precipitate was filtered off and recrystal-
lized twice from 95% ethanol containing a trace of dissolved
potassium hydroxide. It was then washed cautliously with
ether and finally recrystallized from ligroin. After drying,
the resulting material had a melting point of 121-121.5°C.,
which compares well with the value 120-122°C previously

reported for the higher melting allotrope.(7)
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All other materials used, ceric bisulfate, Ce(HSO;),
(from G. F. Smith); ammonium sulfate; cerous nitrate hexa-
hydrate, Ce(N03)3.6H20; and sulfuriec acid, were réagent grade.
B. Procedure

In order to obtain conclusive evidence regarding the
primary oxidation product, it was necessary to examine the
behavior of malachite green carbinol and-malachite green dye
under conditions as nearly as possible identical with those
existing in the solutions of oxidized leuco malachite green.
All experiments were made in aqueous media of ionic strength
2.38 + 0,02 (=-$E;C};Z?). For leuco malachite green the
following procedure was used: Exactly 1.0 ml. of 0.00lM,
leuco base in 0.0l M. sulfuric acid was placed in a cylindri-
cal Klett colorimeter tube of about 15 ml. capacity. The
oxidizing solution, consisting of 2.0 ml. 0.001 M. ceric
tetrabisulfate in 0.02 M. sulfuric acid, 2.7 ml. 3.29 k.
amnonium sulfate, and 6.3.ml. distilled water, was made up
in a separate tube immediately before using. The pH of the
reaction mixtures was varied as desired by adding sulfuric
acid or sodium hydroxide to the oxidizing solution before
mixing and diminishing the distilled water by an squal amount.
After both solutions had been brought to 24°C, the oxidizing
solution was poured into the leuco Base, the resulting mixture
shaken, and measurements of the color intensity made at
intervels with a Klett-Sommerson photoelectric colorimeter

equipped with a red filter. The reaction mixture was kept
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in a thermostat at 24.0 + 0.1°C, at all times when measure-
ments were not being made. At the conclusion of each run
the pH of the reaction mixture was measured by a Beckmann
pH meter and a glass electrode.

The procedure for malachite green dye was the same as
that for the leuco base, except that in place of the oxidiz-
ing ceric sulfate solution a solution haﬁing the same con-
centration of cerous nitrate was used.

The procedure for malachite green carbinol had to be
modified slightly because the solubility of this compound in
the aqueous alkaline medium necessary to prevent the formation
of dye was considerably less than the 0.00l M. concentration
needed for a stock solution. Instead of a stock solution,
one of dye was used, and the carbinol prepared in the reaction
vessel by the addition of alkali to the proper amount of
dye at the time of the experiment. The cerous nitrate solution
(2.0 ml. of 0.001 M. cefous nitrate hexahydrate in 0.02 M.
sulfuric acid) was placed in a Klett colorimeter tube together
with 0.2 ml. 0.1 N. sulfuric acid and 2.7 ml. of the ammonium
gsulfate solution. In another vessel was placed 1.0 ml.
0.00L k. malachite green dye, 0.2 ml. 0.1 N. sodium hydrox-
ide, and 5.9 ml. distilled water. The pH of the resulting
reaction mixture was varied when desired as described for
the leuco base. About 45 minutes was allowed for the forma-

tion of carbinol before mixing the solutions; at the end of
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this time the dye solution had become colorless, and although
it was sometimes turbid, addition of the acid salt solution
always clarified it immediately., The rate of re-solﬁtion of
carbinol can not have been of any importance in the rate of
this control reaction, as will become evident later from the

kinetic resulis obtained,

Results

Figures 1 snd 2 show the behavior of leuco malachite
green, malachite green carbinol, and malachite green dye
under appropriately similar experimental conditions; curves
are given for pH 3.00 # 0.03 and 3.60 + 0.03. In the curves
for carbinol and dye at pH 3.6 ceric ion ipstead of cerous
ion was present, but it was found that within experimental
error this substitution had no effect on the colorimeter
reading, From the curves it is clear that the primary product
of the oxidation of leuco malachite green cannot be the car-
'binol;the curves showing the development of color from
carbinol and oxidized leuco base solutions are completely
dissimilar. In the case of the carbinol the formation of
color occurs in a regular fashion, while the curve for oxi-
dized leuco base shows two distinct phases of color develop-
ment and passes through a maximum, The curves for these
two substances and the solution of dye approach the same
final colorimeter reading, within experimental error; the

oxidation of leuco base is thus shown to be quantitative.
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Figure 1

Development of Color in Solutions of
leuco Malachite Green, lialachite Green
Carbinol, and kalachite Green Dye at
pH 3.00 + 0.03

O 9.1 x 10~3 Am. leuco malachite green,
1.82 x 107" li. ceric ion

® 9.1 x 10~ k. carbinol base,
1.82 x 10~ M. cerous ion

@ 9.1 x 1072 l. malachite green,
©1.82 x 1074 li. cerous ion
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Figure 2

Development, of Color in Solutions of
Leuco malachite Green, Lalachite Green
Cerbinol, and ialachite Green Dye at
pH 3.60 + 0.03

O 9.1 x 10~ i, leuco malachite green,
1,82 x 10~% k. ceric ion

® 9.1 x 1072 i, carbinol base,
9.1 x 10~2 L. ceric ion

® 9.1 x 1072 }i. malachite green dye
9.1 x 1077 Li. ceric ion
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Discussion of Curves

4, [lalachite Green Dye.

The curves for malachite green dye shows the color of
the solution to diminish with time, approaching a final
value of about 60% of that initially observed at pH 3.0
and 80% at pH 3.6, MNo attempt was made ﬁo interpret the
data kinetically, since the results are not important
te the primary objéctive of this investigation. It may be
mentioned, however, that the fading exhibited by the tri=-
phenylmethane dyes in acid solution is well known, and has
been studied by several investigators(s’gz It represents
a shift of the carbinol-dye equilibrium (Equation (4) ) to-

ward carbinol.

H
0
+
O~é'—/\i>+£(6"l’)k ‘:_____-—"" Q__(_ _-_/D:l-\rl(CHJ)L’f‘ H;O
™~

TN cHy), i (CHy), (4)
H H

B. Oxidized Leuco kialachite Green

The curves for oxidized leuco malachite green show an
initial rapid development of color followed by a subsequent

very much slower development,* This phenomenon is doubtless

¥ It should be explained that, so far as the appearance of
these curves is concerned, the initial rapid development

of color is practically instantaneous. The appearance of
color in this rapid phase could be followed by eye, but by

the time the first reading on the colorimeter could be made
(about 20 seconds after mixing the oxidizing solution and

the solution of leuco base) the color intensity was relatively
high,
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due to some characteristic of tetravalent cerium. This was
éhown by experiments in which iodide ion was oxidiéed in the
presence of starch as indicator under conditions similar to
those used with the leuco base; two phases of color develop-
ment were observed with the fraction of total color immedi-
ately formed decreasing with increasing pH. A representative
curve, for pH 2.98, is presented in Figure 3.

There are iwo possible explanations of such behavior.
The first, and more likely, involves the question of the
solubility of tetravalent cerium under the conditions of
the experiments. A4lthough the solutions were quite clear
to the eye, it is possible that subétantial amounts of the
ceric ion were precipitated through hydrolysis and remained
suspended as particles of colloidal size. The second ex~
planation is given by assuming that tetravalent cerium exists
in solution in several different complex ions, which differ
largely in their degrees of hydration and in their oxidizing
abilities. The initial rapid formation of color (67% of the
maximum intensity in less than 1 minute at pH 3.0, 23% at
pH 3.6) would represent the exhaustion of the most active
species, and the subsequent slower development of color
would be representative of such processes as the formation
of active species from the more highly hydrated, or the rate
of oxidation of leuco base directly by the latter. Attempts
to detect possible colloidal hydrolyzed ceric ion were made

by measuring the intensity of light scattered from solutions
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similar to those used in the oxidations (the leuco base was
omitted) and comparing it with the intensity from control
solutions. The differences found were relatively small in
all cases and, because of the relatively large experimental
errors, no conclusions could be drawn. It is likely, how-
ever, that special care in the preparation of the saelutions,
i.e., centrifugation of reagents and careful cleaning of all
apparatus so as to remove dust particles, would give an
answer to this interesting question.

The maximum in the curve represents the point at which
dye 1is being formed by oxidation of leuco base at the same
rate as it is being hydrated to colorless carbinol; the color
intensity from this point diminishes with time and resultis
from the hydration of dye to carbinol as shown by equation (4).

C. lalachite Green Carbinol

The curve for malachite green carbinol represents the
approach to equilibrium in the carbinol-dye system from the
carbinol side. 4 detailed consideration of this reaction is
given in the next section of this thesis,.

Discussion

4. FPossible liechenisms for the Oxidation

As has already been mentioned, the oxidation of leuco
malachite green has heretofore been believed to yield the
carpinol, which subsequently dehydrates to the dye. The

mechanisnm of such a resction would doubtless involve the
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formation of an organic free radical by the abstraction
of the hydrogen atom from the tertiary carbon atoﬁ and the
combination of this radical with hydroxyl radicals pre-
sumably derived from the oxidizing agent. That this mechanism
cannot be correct is shown by the experiments described in
the preceding pages. Unfortunstely, there is more than one
mechanism which will satisfactorily account for the observa-
tion that leuco maiachite green is oxidized directly to dye,
and_there appears to be no way of meking a logical choice
of one of these mechanisms over the others from the data
available, A few of the more obvious possible mechanisms are
mentioned here by way of illustratibn.

For the reaction in guestion we need consider only
types of mechanisms which involve as primary steps either the
abstraction of hydrogen atoms or the siuple transfer of elec-
trons, These are:

(1) A free radical process in which two hydrogen

atoms are removed from one molecule of leuco base,
(2) 4 process by which only electrons are transferred
from the leuco base to the oxidizing agent,

(3) Some combination of these two processes.
In type mechanism (1) it seems reasonable to assume that
one of the hydrogen atoms must be obtained from the tertiary
carbon atom, since the removal of this particular atom re-
sults in en organic free radical whichis stabilized by

resonance among ortho and para quinoid structures. The
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second hydrogen atom would alumost certainly be obtained
- from one of the protonated nitrogen atoms, but the méchanism
of its removal can only be guessed. It wight require a
direct attack by a molecule of oxidizing agent, but one must
also consider the possibility of its just ”falling off" as
a consequence of the preceding attack at the tertiary carbon
atom. Type mechanism (2) could take place by the removal
of electrons from a nitrogen atom, or perhaps even from the
tertiary carbon atom following an ionization step which would

yield a carbonium ion of the form

H, . H
CHN <3 —j\—Q N{CH;),
L

An example of type mechanism (3) may be formulated by con-
gidering the abstraction of a hydrogen atom from the tertiary
carbon atom as mentioned in the example of type (1), followed
by the transfer of the odd electron to another molecule of
the oxidizing agent.
B. Congideration of the Oxidation of Ethanol

Although the experimenfal evidence obtained on the oxi-h
dation of leuco malachite green is not sufficient to establish
a unique mechanism for this oxidation, these data do permit
some interesting conjecture regarding the mechanism of the oxi-
dation of ethanol. For example, the results from leuco mal-

achite green might be applied to rule our reaction (1) as
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a likely mechanism for the oxidation of ethanol. Ethanol
would be expected to yield free radicals with less ease than
leuco malachite green because resonance stabilization of the
radicals would be less; hence the formation of z gem-diol as
intermediate in the case of eihanol would be even less likely
than oxidation of leuco malachite green to carbinol, which
does not occur.

Of course, it must be vorne in mind that the discussion
in the preceding paragraphs has applied only to the use of
ceric ion as oxidizing sgent, other oxidizing agents may
act toward leuco malachite green in an entirely different way.
Indeed, ceric ion has unusual complexing properties, and is
known to behave in a specialized manner toward many organic
compounds which possess functional groups of the type ex—
hibited by leuco malachite green, No attempt was made in
this investigation to study the action of other oxidizing
‘agents guantitatively; however, a number of rough experi-
ments with permanganate indicate that this agent oxidizes
leuco malachite green to dye at a rate comparable to that
shown in the oxidations by ceric ion, It thus appears as if
the discussion above applies equally to permanganate, and
it seems reasonable to suppose that other oxidizing agents

may behave in a similar fashion toward leuco malachite green.
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KINZTICS OF THE CONVERSION OF
MALACKLTE GRELN CarBINOL TO DYE
In the course of the work on the oxidation of leuco
malachite green, a number of kinetic studies were made of
the formation of malachite green dye from malachite green
carbinol in solutions of different hydrogen ion concentra-—
tions. The results of these investigations are desceribed in

this section.

The determinationsof rate constants were carried out
for solutions of ionic strength 2.8 & 1.0 over the pH range
2-7, with a Klett-Sommerson photoelectric colorimeter equip-
ped with a red filter. Because of the low solubility of
malschite green carbinol in an alkaline medium it was neces-
sary to prepare solutions of it at the time of the experi-
ment by adding dilute sodium hydroxide to a solution of the
dye. For this purpose & 1.98 x 105 . stock solution of
malachite green dye was made up by dissolving National &ni-
line certified grade malachite green oxalate in distillied
water made acid to pH 5.1 with sulfuric acid. For each ex-
periment, 4.0 wl. of 0.1 N. sodium hydroxide was added to
100 ul. of the above dye solution, and the mixture was
thoroughly shaken and placed in a thermostat at 25.0 + 0.03°C.

for about 45 minutes. A separate mixture containing 39,6 ml.
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3.29 ki, ammonium sulfate and 4.0 ml. sulfuric acid (of a
strength depending on the pH desired in the final reaction
mixture) was also made up and placed in the thermostét.
Immediately before beginning the experiment 10.0 ml. of the
carbinol solution was pipetted into 4.4 ml. of 3.29 H. am-
monium sulfate containing no acid and a blank colorimeter
reading was obtained. The acid ammonium sulfate solution

was then poured into the remaining 94,0 ml. of carbinol to
yield the reaction mixture from which aliquot parts were
taken at intervals for measurement of the color intensity,
Although the solutions of earbinol as prepared from the dye
were sometimes turbid, the addition of the acid salt solu-
tion clarified them instantly. Tests showed that the rate

of re-solution of carbinol could not have been the rate-determ-
ining step in the conversion of carbinol to dye up to pH 4.88,
the highest pH at which experiments were made. The above
procedure was used for runs above pH 4.08. At lower phH's
than this, however, too lerge a fraction of the dye existed
as the conjugate acid to permit direct measurements of the
color intensity. Therefore, separate reaction mixtures were
preparéd for each measurement, and the solutions were buf-
fered to pH 4 or 5 with excess citrate or acetate buffers

at the end of the appropriate time interval. The development
of color at the higher pH was followed for about one minute,
and the curve so obtained was extrapolated back to the time

of bufferingAfor the desired value of color intensity.
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At the conclusion of each experiment the pH of the
reaction mixture was measured with a Beckmann pH meter and
g glass electrode. In those runs where the bufferingvtech-
nigue was employed, the pH of one of the reaction mixtures
only was measured. However, tests showed that the pH of the

other mixtures of the same run was always the same, to within

experimental error,

Results

As was mentioned in the preceding section of this thesis
(See p.l2) malachite green carbinol and malachite green dye
exist in agueous acid solution in equlibrium with each other.
Not only does there exist an equilibrium between carbinol
and dye, however, but each of these substances, because of
the uresence of basic dimethylamino groups, is in equilibrium
with its conjugate acids. The diagram(g) beslow illustrates

these several equilibria.
OH
C <:>-Q_<:>N@HQL

"
O~V (blue)

NEHy),
(5 (5)

it
oH g N(CHy)
He  O-eowes. 22X .
|

NEH), +
1L O—C =/\:>:N(CH;)L HfD (}jenow)
Ot b

14
HCH Cpﬁédcj“mml HIN(CHs),
)

HENGHY),

Carbmels (cotorless) :Dljes
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The acid-base equilibria represented by the vertical arrows
may be safely assumed to be fact with respect to the inter-
conversion of carbinol and dye as represented by the horize
'ontal arrows. With this assumption, one might expect at any
given constant hydrogen ion concentration, g first order re-

action scheme which can be represented by the equation

& = M

The symbols <C) and {D) represent all the several species

of carbinol and all those of dye, respectively, and k; and

k2 are the rate constants for the forward and the back reaction.
The rate constants, of course, are dependent on the hydrogen
ion concentration. The expression for the rate of conversion
of carbinol to dye, then has the form

_éSEZ: L — £ D
m RS, D

which may be integrated® to give

’h 2;)} <(i:; = — (/kl +'/kl> t
(6)

where {C,}, {C.}, and (&) represent the initial total
ccncentration of carbinol, the concentration at equilibrium,

and the concentration at any time +.

3#*

See, for example, L. P. Hammett, "Physical Organic Chemistry",
pp. 102-104, MeGraw-Hill, New York, (1940).
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In interpreting the results of the colorimetric measure-
ments made in following the formation of dye from carbinol,
the final colorimenter resding minus the blank reading was
taken to represent the total initial concentration of carbinol
( <C;> ). The final colorimeter reading minus the reading
at any time 1 was taken to represent the concentration of
carbinol ( {C) ) at that time. ithen the experimental data
were plotted in accordance with equation (6), a straight
line was obtained.®* The rate curves obtained by the appli-
cation of equation (6) to the data are shown in Figures 4-9.
The sum of the rate constants ki and kp calculated from the
slopes of these curves are given in Teble 1 and are plotted
as a funetion of pH in Figure 10. It is seen that as the
pH decreases, the rate of aspproach to equilibrium at first
decreases, thenincreases, and finally apy.ears to level off
at about pH 2. The minimum in the curve lies somewhere

between pH 3 and pH 4.

Discussion
The appearance of a minimum in the curve which results
from a plot of the constant for the rate of auproach to
equilibrium against pH was first observed by Biddle and

Porter(g) for the dehydration of malachite green carbinol;

3*

This result for the rate of approach to equilibrium by
dehydration of carbinol is in agreement with that found by
other investigators for several of the triphenylmethane
dyes. (9,10,11)
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Table 1

to Malachite Green Dye

Rate of Approach to Equilibrium, Temperature 25 s 0,03°C

Run
H-20
H-19
H-24,
H=32
H-31

H-30

pH of
Reaction
Medium

4.88
4.69
4,08
2.98
2.25

1,65

Ionic Strength
of Reaction
Medium

2.83
2.82
2.82
2.73%
2,38
1.91%

Rate Constants,

ky + ko

sec.~1 x 10~4

15.8
13.4
6.2
8.7
21.4

20.4

¥ These values of ionic strength were calculated

assuming the ionization constant of the reaction

HS04 = HT

+50; to be 1.2 x 10-2n/1,



=G

c

€ (logarithmic_scale)4

D

GO~C

-GCD

c

1.0
0.8
0.6

0.4

o
L ]
[ob}

o
.
[nd

(logarithmic scale)

Co = Cop

- 25 =

B Figure 4
I Run H-19
™ pH 4. 69
- o)
0O

1 | | | 1 | N

0 4 8 12 16 20 24 28
Time (min.)
1.0
0.8+°
0.6
004_ O
0.2’—
0.1 o .
| | | | | 10~
0 4 8 12 16 20 24 28

Time (min.)



- Cep

¢

QGOQ:

v

- {logarithmic scale)

Co"'Cm

(logaerithmic scale)

- 26 -

1.0
0.8 ) Figure 6
0.6 Run H-32
pH 2.98
9.4 0
0.2
N
0.1 | l | | | l
6 1z 18 24 - 30 36 42
Time (min.)
1.0
0.8
L Figure 7
0.6
Run H-24
B pH 4.08
0.4
[‘_
O
O. 2-
0.1 | | | | | | >
0 B8 186 24 32 40 48 56 64

Pime (min.)



(logarithmic scale)

-CQO

c

= Co

Co = Coo

c

Co = Coo

(logerithmic scale)

1.0
0.8

C.6

Figure 8

0.4
0.2 |
0.1 | | Lo |
6 8 10 1z 14 16
Time (min.)
1.0
(@
0.8 - Figure 9
0.8 |- Q Run H-30
pH 1.85
O
0-4 =
O
0.2} qg
! | | | !
0113 4 6 8 10 12 14

Time (min.)



= 28 =

ud

[Te]

*umiIqITINbs
¢3 yowoaddz JO 8981 J0JF
quegsuod uo gd Jo 30873y

0T °J03TL

0°0T —

0T —

0°08 —

0°gg —

t_-aas fr+OT b'a (ax - I:{) ‘squeysuos 898y



- 29 -

their experiments, however, were apparently not extended
to low enough pH's to show the leveling off of the curve
as illustrated in Figure 10. Adams and .Bosenstein(lc), for
the dehydration of crystal violet carbinol, found an effect
similar to that found by Biddle and Portef for malachite green
carbinol, Neither of these two investigations was concerned
primarily with the dehydration reaction, and a formal ex-
planation of the effect of pH on the rate of approach to
equilibrium was not made, It 1s clear, however, particularly
from the work of Adams and Rosenstein, that the explanation
lies at least in part in the complicated equilibria between
protonated and unprotonated species of dye and carbinol; it
further seems likely that equilibria of a similar form between
carbinol and various species of the activated complex plays
an important part in the explanation. In the following para-
graphs an attempt is mede to show how, with certain assump-
tions, these several equilibria can lead to the cobserved
behavior of the rate constant for the approach to equilibrium.

According to the theory of absolute reaction rates,

the rate of a chemical reaction is given by the equation

C!('. — C*_‘!.EI

dt o (7
*
where C is the concentration of the activated complex,
k is Boltzmann's constant, h is Planck's constant, and T

is the absolute temperature. From this equation the following
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relationship for the specific reaction rate constant k* may

be found

L]
* _AT C
/%4 - % Cncﬂ“'
where C,, C ere the concentrations of the reacting species
A’ "B
A,B, * ., This equation may be expressed as

X =_JkT K*
A (8)

where K?is the equlibrium constant for the reaction which
is supposed to exist between the activated complex and the
reactants.

In the case of the formation of malachite green dye
from carbinol, it is reasonable to assume that the inter-
nediate configuration, or activated complex, is characterized
by the elongation to a critical extent of the C - 0 bond.

The equilivria among the various species of carbinol, acti-
vated complex, and dye may then be represented by the follow-

ing scheme:

= [c-0H == D + H0

HY + C h
‘+
¥ H' HY
I I I
(9)
W . He == [#-OH] == WD + HO
t t t
H1 H+ H,‘l"

It It It

Hof 5 T
e HeH 2= DE-OH] == WSk ¢ HO
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H H coHOH
where the symbols [C -+ OH], [HC--OHI , and [#'c'-OH]
refer to the activated couplex with no proton, one proton,
and two protoms, respectively, attached to the nitrogen
atoms, and the symbols C , H'C ,L,H'W , D , and H'D
have the meaning given them previously (See equation 5).
Since it may be assumed that the rate of decomposition of
the critical complex into dye or its association into carbinol
is essentially independent of the number of protons which
are attached to it, the behavior of the rate constant for
approach to equilibrium as shown in Figure 10 must be ex~-
plicable in terms of the total concentration of the activated
complex, and hence of the several equilibria shown in equa-
tion (9). This behavior may be explained qualitatively by
assuming that the amount of activated complsx in equilibrium
with unprotonated carbinol (C) is relatively large, that
in equilibrium with singly protonated carbinol (H + C) is
smaller, and that in equilibrium with doubly protonated
carbinol is again relatively large. At pH 5, where the ob-
served rate is rapid, the concentration of C and of the
activated complex [c:~'2N1J is large. As the pH decreases
from 5 to 4.2, the concentration of HfC increases at the
expense of C and the amount of activated complex present
diminishes; the resultent rate of approach to equilibrium
is slower. At pH 4.2 the formation of the species H'c'H

-begins to be felt and the concave upward shape of the curve
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from this point to pH 2.6 results from the steadily increas-
ing quentity of activated complex. If the equilibrium con-
stants for the interconversion of the several carbinol species
were knowﬂ, a much better idea of the manner in which the
concentrations of these specieé vary with pH could be obtained
by calculation, Unfortunately the constants are not known,
and such calculations must be based upon estimated values

for them. A number of calculations were carried out based

on the assumption that the first and second acid ionization
constants of malachite green carbinol are the same as those of
p-phenylenediamine, While such an assumption is an ap-
proximation at best, it is probably not too bad in this

éase. (The constants for benzidine, which is more closely
related structurally to malachite green carbinol would be
preferable, but the experimental values do not appear to be

as reliable as those for p-phenylenediamine.) From these

data for the acid ionization constants(lz) equilibrium
expressions (10) and (ll) are obtained. Equation (2) repre-
sents the equilibrium between the two forms of malachite

green dye; the constant for this equilibrium has been determin-

ed experimentally(lz).

WIS 5y 16" mp

{He] (10)
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I _ 43 x50 wh

[H*‘C*H] (ll)
[HjJY[D] = 74 « 10" m [t
[H'D] (12)

The concentrations of the various species of carbinol and
dye calculated at several hydrogen ion concentrations from

these equilibrium constents are summarized in Table 2.

Table 2

Relative Quantities of Various Species of Malachite
Green Dye and lalachite Green Carbinol at Different
Hydrogen Ion Concentrations

. Malachite Green lalachite Green
Conc. H, w/l Carbinol, % Species Dye, % Species
P{esent .. Presen}
¢ Ec¢ HcH D HED

10~5 %6 24 0 100 0
10~4 23 75 2 100 0
10~3 3 79 18 99 1
10~2 1 30 69 89 11
10-1 0 4 96 23 77

It will be noticed that the change in concentration of the

several species of carbinol with pH is in good agreement with
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the qualitative description of these changes assumed to

explain the effect of pH on the constant for the rate of

approach to equilibrium.

Professor V. Schomaker has indicated to me in a private
communication that it may be possible to obtain approximate
relative values for the specific reaction rate congtants
for the conversion of each of the various carbinol species
to malachite green dye. This procedure would involve first
the determination of values for the constants k; and ko,
which could be gotien from the values of ki + kj, obtained
from the rate experiments described in the preceding pages
and from values of K = kj/ky determined from additional
experiments., The values of K could probably be analyzed for
the ionization constants of the carbinol. From the pX values
of the carbinol and dye species, together with certain
assumptions about the corresponding values for the activated
complex in relation to those of the dye and carbinol, the

relative specific reaction rate constants might be obtained.
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DETERWINATION OF SOME KOLECULAR STRUCTURES BY THE
METHOD OF ELECTRON DIFFRACTION
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GENERAL INTRODUCTION

The procedure followed in these laboratories‘for the
determination of a molecular structure by the diffraction
of electrons has been discussed in detail in a number of
theses and published articles. For this_reason only a very
brief summary of the method will be given here.

Electron diffraction photographs are prepared in the
apperatus described by Erockway(l). On these photographs
one estimates visually(z) the distribution of intensity due
to the structure of the molecule, and draws a "visual curve"
to represent this intensity distribution. The visual curve
is then compared with theoretical intensity curves calcu-
lated(B’A) for various models of the molecule by use of the
equation(B)

(2—f);(2—f),' qz
I(%) z_(,; Y z .. 6 5”’1(,0‘3’1,_,) (13)

<)

1§

where Z; = atomic number of atom 1

Fy

atomic form factor for x-rays

distance between centers of atoms i and j

ryj
e'aijqz = temperature factor

q & 108/ = (40/3) sin ¢ /2

@ = angle of scattering

A = wave length of electrons, determined in a

separate experiment by scattering from zinc oxide(6). In most



- 37 -
cases it is possible to neglect the atomic form factor F,

and equation (13) simplifies to (5)

: "“"’ZL-Z,- '31‘53'?- T

I(@J = K Ty © sm (o) (1
Ly

Those models whose theoretical intensity curves are in agree-
ment with the visual curve are satisfactory representations
of the structure so far as the electron diffraction experi-
ment is concerned. After suitable models have been found,
the size of the molecule is determined by comparison of
q values for the observed and the calculated maxima and
ninima, The limits of uncertainty in the structural parameters
are determined by the limits of the range over which these
parameters can be varied without giving a calculated intensity
curve in disagreement with the visual curve.

Ordinarily the above procedure, called the "correlation
procedure" is preceded by the calculation of a"radial dist~
ribution function"(5’3)

- ae
Ado) = Z I e Sin (£471) (15)
ey
which is obtained from equation (1l4) by suitable mathematical

manipulations. The radial distribution treatment leads
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directly from the observed diffraction pattern to approxi-
mate values for the interatomic distances. These approxi-

' mate values are then refined by the more sensitive correlation

treatnent.
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THE STRUCTURE OF ADAMANTARE
Introduction

Electron diffraction investigations of the structure of
hexamethylenetetramine(7:8) have led to a result for the
bonded C-N distance which is about 0.04 &. greater than the
1.44'3. found for the same distance by x—fay studies of the
crystal(9’1o). The crystal structure of adamantane (CIOHlé’
see Figure 1l), a molecule which has a configuration closely
similar to that of hexamethylenetetramine, has been investi-
gated by Nowacki(ll) and by Giacomello and Illuminati (12);
and although a significant difference between the C-C bonded
distance in the crystal and vapor of this substance would
certainly not be expected, it seemed worthwhile to investi-
gate this point by an electron diffraction determination

of the structural parameters of the molecule.

Experimental

Adamantane® is a white, crystalline solid with an odor
resembling that of camphor. A4lthough its melting point is
high, it sublimes easily and no trouble was experienced in
the preparation of diifraction photographs when a high tempera-
ture nozzle(14) was used. Data on twelve maxima and shelves

extending to g values of about 90 were obtained from the

# The sample of adamantane used in th}s investigation was
synthesized by Prelog and Seiwerth( 3).
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Figure 11

Adagantane
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photographs. This is a somewhat smaller range of g values
than was obtained by Schomaker and Shaffer for hexaméthyl—
enetetramine(s)and was occasioned by the short exposures
necessary to preserve the very limited supply of mberial
available. The camera distance was 11.05 cm, and the electron
wave length 0.06085 %. Corrections were made for expansion

of the photographic film after exposure.

Radial Distribution Curve

The radial distribution curve (Figure 12) was calcu-
lated ffom equation (15) by use of punched cards(B'A); the
quantities I(q) were taken from the visual curve (Figure 12)
drawn to represent the appearance of the photographs, and
the constant a was chosen to give e-aqz = 1/10 at q = 90.

The resulting curve shows major peaks at 1l.53 and 2.52 R.,
which correspond to the bonded and to the shortest non-bonded
G**°C distances in a model with tetrahedral bond angles, such
as C; in model C these distances are 1.540 and 2.515 2. There
are additional peaks at 1.00, 2.92, and 3.46 K., and a broad
feature at 2.20 K. With the exception of the first none of
these is sufficiently well resolved for a determination of
interatomic distances, though they agree well with the final
model shown by the vertical lines. The heavy lines demnote

the C***°C distances and the light, the C...H; the lengths

of the lines indicate the relative weights of the distances.
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Figure 12. Theoretical Intensity Curves for Adamantzne
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The deviation of the _eak st 1.00 3. iron the value
1.09 3. normaliy obtained frou bonded C++°*H interactions
closely paraliels the result owtaiuned Ly sSchuiaker and

Shaffer(&) in their study of hexamethylenetetramdne.”

Correlation of Visual and Intensity Curves

intensity curves were calculated from equation (1) for
a model of symetry Tq = 435 assuming C-C = 1,94 1. through-
out, C~H = 1.09 2. except for model G, and ZHCh = 109°28!
except for rodsl li. In sodels a4 w ¥ the 020302 ronda angle
is varded rrom 106°22' to 112°28', iodels G and H, which
have tetranedral C-C-C angles, ars characiterized by & shori-
ened C-H diswance (1.05 3,) sna an increassed h-C-H angle
(114028’), respectively. Terus representing all bonded and
non-bonded atonic interaciions except H°*'H were incluued
in the calcuiations, &n effective value of Z = 1.2 was
euployed for nydrogen in order to approximate better its
scatlering power relative to carbon for small ¢ valuss, The
coefficient ajy Was siven the value 0,0001l¢ f'or vonded C-H,
0.00030 for all non-vonded Cee++H interactions** and zero

otherwise.

# The visual -urve for adarantane was drawn without previous
knowlcdge of the appearance o the hexznethylenstetramine
photographs or of the corresponding intensity curves, al-

though subsesquently the photographs of the twio substances were
cereiully cosgared ana iound to te closely similar. Thes errors
in the two visual curves which correspond to the errors at

1.0 A. in the two radial distrioution functions are thus evi-
dently nearly alike., rerbapgs this is because they represent
grrors of interpretation uhich are in soue way peculiar to the
types of features shown o, hexamethylenetetramine and adammntane.

##*[ne value 8,00030 is irequently used for C.-eH interactions
through ons cond angle, vut it is felt to ke a reasonable oine
for &ll .Lon-bonded Ces+H interactions here Lecause of the rela-
tive rigiaity ot the carbon skeleton of' adamantane.
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Comparison of the calculated curves with the visual
curve shows model A& to be unacéeptable; minimum 8‘appears
in the calculated curve as far too broad and the relative
depths of minima 9 and 10 are inverted. Curve B is somewhat
better than A, but the disagreement in the relative depths
of minima 9 and 10 is still present. Curve C is generally
satisfactory*. Curve D is acceptable although maximum 4 is
a poorer representation of the photographs than the same
maximum in C. Curves G and H are both acceptable although G

is not as satisfactory as C in the region of maximum 4.

* The main aspects of disagreement in the correlation of
model C, which is the best model, with the observed intensity
distribution are seen to involve (1) the relative depths of
minima 1 and 2, (2) the strength of shelf A, (3) the shape

of maximum 8, and (4) the relative depths of minima 5 and 6.
The first two items do not appear to be serious; estimates

of the depth of the first minimum are subject to considerable
error, and a re-examination of the photographs indicates the
exaggeration of shelf A to be a simple misinterpretation

(the dotted line is felt to be a more accurate representation
of this feature). Item (3) also arises from errors of inter-
pretation, as shown by couparing photographs of adamantane
and hexamethylenetetramine; the appearance of maximum 8 is
closely similar and w?g)satisfactorily represented by
Schomaker and Shaffer in their visual intensity curve

for hexamethylenetetramine, It is difficult to explain

the reversal of m.nima 5 and 6 (item (4)). Perhaps the
trouble is due to a tendency to compensate incorrecily for
the background intensity, which is difficult to estimate

in patterns as complicated as that of adamantane.
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Conclusions

4 comparison of the observed q values with those.calcu—
lated for model C (Table 3), a consideration of the radial
distribution functions, and comparisons of visual and calcu-
lated curves lead to the following conclusions regarding
the structure of the adamantane molecule: symmetry Tg - 43n
(assumed), L HCH = 109°28' (assumed), C-H = 1,09 %. (assumed)
C-C = 1.54 + 0.01 8., £ 020303 = 109.5 + 1,5°. The upper
limit of the £CyC4C, determination is especially conserva-
tive. These results are in agreement with those found
in x~ray diffraction studies of the crystal, No attempt
was made to establish the limits of uncertainty in the
/. HCH and the C-H/C-C parameters, but it is certain that
such a determination cannot be made to within sizeable limits
of error. There is no doubt, however, that the assumed
values for these parameters are sufficiently accurate
so that their uncertainty induces no additional uncertainty

in the values obtained for C-C and 1102—03—02.
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Table 3

ELECTRON DIFFRACTION DATA FOR ADALANTANE

Max. Min.
1
1
2
2
A
A
3
3
4
4
5
5
6
6
7
7
8
8
9
9
10
10
11
11

deale.

dobs. (Model C)
6.5 5.3
9.6 8.5 -

13.3 12.6

17.8 17.8

21.9 22.2

25.1 25.5

27.8 27 .2

30.3 29.3

32.8 33.7

35.7 35.3

38,7 38.1

42.2 42.0

45.8 46.2

49.3 49.8

53.3 53.2
574 57.0

61.4 61.2

66.0 67.3

70.6 72.3

The2 75.2

77.7 78.1

81.7 82.2

85.5 86.7

90.1 90.5

Average

Average deviation

Qecale./dobs,*

(0.815)
(0.885)
(0.947)
1.000
1.014
(1.016)
(0.978)
(0.967)
1.027
0.989
0.984
0.995
1.009
1.010
0.998
0.993
0.997
(1.020)
1.024
1.013
1,005
1.006
1.014
1.004

1.004

0.008

% Parenthesized values were omitted in evaluation of
aversges, bracketted values were given half weight.
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THE STRUCTURE OF 1,3, 5,7-CYCLOOCTATETRAENE

Introduction

The structure of cyclooctatetraene is of great theoreti-
cal importance to chemists because of the unique relation-~
ship between this molecule and the benzene molecule, a
relationship which suggests the possibility of a comparable
resonance stabilization and, hence, of aromatic character.
Although the chemistry of cycloactatetraene(l5) is not that
of an aromatic coupound, the results recorded by different
investigators working on its physical-chemical character(lé‘zo)
have led to considerable confusion in this regard. For
example, data from an x-ray diffraction investigation cur-
rently in progress(l6) indicate cyclooctatetraene to have
two different C~C bonded distances and to possess the molecu—
lar symmetry Dpj; this result is in complete disagreement
with the result from an earlier electron diffraction study
of the vapof(l7) from which it was concluded that all bonded
C-C distances are equivalent and the molecule has symmetry
Dsg-

The general confusion regarding the structure of cyclo-
cdctatetraene, particularly that arising from the disagreement
between the results of the x-ray and electron diffraction
determinations, and the importance of the structure have led
to the preéent study. This investigation shows that cyclo-

octatetraene has two C-C bonded distances, which are about
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equal to the normal double bond distance and to the conjugated
single bond distance, and a C-C-C bond angle of about 126:°.
The molecule has the symmetry Dpy in agreement with the

result from x-ray diffraction.

Experimental

The sample of cyclooctatetraene used in this investi-
gation was kindly furnished by Professor K. C. Lord of the
Massachusetts Institute of Technology. It contained a small
amount (less than 3%) of styrene, which was taken into account
in the calculations of theoretical intensity curves. The
photographs were made in the apparatus described by Brockway(l)
with a camera distance of 10.93 cm. and an electron wave
length of 0.06061 K. Corrections were made for film expan=

sion.

Radial Distribution Curve
The radial distribution function* (Figure l4) was evalu-
ated by punched card summation of equation (15); the values

of I(q)were taken from the visual curve (Figures 16, 17) and

# It is important to emphasize that the earlier stages of

the interpretation of the electron diffraction photographs

of cyclooctatetraene (through the drawing of visual curves

and the evaluation of the radial distribution functions)

were carried through by both Professor V. Schomeker and
myself working completely independently. The results obtained
by us were in substantial agreement on all points. The only
difference worthy of mention involved the position of the
first main peak in the radial distribution curves; in Professor
Schomaker's curve this peak appeared at about 1.40(5) 3, and
in mine (Figure 14) at about 1.38 8. We have not yet deter-
mined the reason for this difference, but it is not in any
way obvious from the appearance of the two visual curves.
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2 Wwas so chosen as to make e-aq2 = 1/10 at q = 100. The
radial distribution curve has méin peeks at 2.48.aﬁd 1.38 2.
and a broad feature at approximetely 3.20 2. The first of
these peaks has a half-width which corresponds closely to
that expected from a single interatomic distance; it represents
C;C interactions through one bond angle. lThe peak at 1.38 2.
is notably broad and is a representation of unresolved singly
bonded and doubly bonded C-C distances. If these distances
are taken as 1,33 and 1l.44 3., respectively, the C—C;b bond
angle is calculated to be about 127°. The broad feature at
3.20 K. arises from a number of longer interatomic distances
which lie too close together to be resolved.*

The radial distribution function for cyclodctatetraene
is particularly useful because the several symmetries which
have been proposed for this molecule lead to quite different
longer C~C interactions. Although these longer interatomic
distances are not resolved in the calculated curve, the only
slightly unsymmetrical appearance of the peak which represents
them suggests that they are distributed in a more or less
regular fashion on either gide of the "center of gravity",
that is, on either side of a point at about 3.20 2. In

Figure 1l all the C-C interatomic distances are shown as

# Although these distances are too close together to be
resolved in the radial distribution function with its low
weighting of the data for higher angles of scattering, they
are not necessarily too close together to be resolved by
the more sensitive correlation procedure.
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vertical lines for models of symmetries D2d "tub®, DA’ DAd’
and 84 (modals of these symmetries are shown in Figure 13)
calculated from reasonable values of the C-C bonded distances
and C-C—C_bond.angle; the heights of the lines are proportion-
al to the weights (11Z¢Z;/ﬂg;) of the.distances and the
dotted curves represent the shape of an idealized radial
distribution function in the region of thege interactions¥.
It is apparent that the Dyy "tub" model provides the best,
and, in general, an excellent fit to the radial distribution

curve, followed in decreasing order by the models of DA’ SA’

and D4d gymnetry.

Theoretical Intensity Curves

Several theoretical intensity curves were calculated
for each of the molecular symmetries DAd’ D4, and SA’ and
a considerably larger number for the Dpg "tub" using Equa-
tion (14). The first D,q curve and the curves for the D4 and
’84 symmetries shown in Figure 16 were calculated from best

values of the bonded C-C distances and C-C-G.bond angle as

¥ In a calculation of our radial distribution function a
Fourier component of the visual intensity curve correspond-
ing to an interaction between two point atoms at a definite
distance gives rise to a peak having approximately the form
of a Gaussian error curve; the half width of these peaks is
degeﬂdent upon the coefficient a in the convergence factor
e~2d The appearance of a feature in the radial distribution
curve resulting from several unresolved interatomic distances
may, then, be approximated by adding together a number of
Gaussian curves of the proper half widths and of heights
proportional to the weights of the distances.
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Figure 16, Theoretical Intensity Curves
: for Cyclooctatetraene.
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determined from the radial distribution curve; these zre the
same models used in Figure 14, For DAd these parémeters

- are 1.38 . and 128°; for Dy, 1.33 g.,1m43 g., and 1279, and
for SA’ 1.34 g., and 127°. Curves for symretry Doq "tub"

are presented in Figures 16 and 17 for models in which the
[.CCC was varied from 125 to 130° and the ratio of the inclined
C-C bond distance tp the horizontal C-C bond distance from
0.897 to 1.108. The average of these distances was kept at

1.38 + 0.025 3. except in the case of model AlL, where it was

x
0
A.

1.34 Figure 15 shows the values of these parameters for
each Dyy "tub” model. For each theoretical curve shown terms
were included to represent all C-**C interactions, bonded

C~-H distances (assumed 1.09 3.), and C***H interactions through
one bond angle ( £ C=C-H = 4L (CCC assumed). The value of the

coefficient aij for these terms was taken as 0, 0.00016, and

0.00030, respectively.

Correlation of Visual and Calculated Intensity Curves

A comparison of the visual curve with the curves calcu-
lated for models of molecular symmetries D,4, Dy, and S,
shows in each of these cases a number of disagreements so
serious as to eliminate the model completely. In the first
DAd curve this occurs in the region of maxima 7, 8, and 9,
and again at maximum 11, WModel B&H, the preferred model of

Bastianson and Hassel, is even less desirable; in addition
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to those difficulties the relative heights of maxima 5 and
6 are strongly reversed. Ior the D4 curve the diéagreements
are similar regions and are not significantly iuproved
over the DAd‘ The model of symmetry S, 1s inacceptable
because of the appearance of maxima 5 and 6; maximum 5 has a
shoulder of such prominence as to give of the whole an appear-
ance approaching that of a triplet., It is important to en-
phasize here that several othLer curves (not shown) have been
calculated for votn the Dy and S, synmetries, and that no
acceptable fit to the visual curve is found¥; indeed, none
of these curves is significantly better than those described
above.

In marked contrast to the symmetries discussed above,
curves calculated for Dog "tub" models are found to be
in very close agreement with the visual curve in two quite
different régions of parameter combinations. These are shown
in Figure 15 enclosed by the dotted lines, which represent
the limits of uncertainty. These regions differ primarily
in the ratio of the inclined bonded distances to the horizontal
bonded distances, which, of course, means the position of the
double bonds and single bonds,

In considering those models having a ratio of inclined

bond distance to horizontal bond distance less than one, it

# The parameter ranges covered are as follows: D,, ACCC=
127-129°, C=C/C~C = 1.060-1.090; Sy, £.CCC= 125-1299, Ce(C/C-C =
1.064_101000



- 58 -
is otvious that AG is generally satisfactory, AC only a
little less so, and AA, AE, AJ, AN, and AI generally bad.
Models AD and AH give a poor representation of the height of
the tenth maximum relative to the ninth and the eleventh, and,
especially in the case of AD,'show a brogdness of the ninth
maximum considerably out of proportion in comparison with
the eighth. Curves AK, AL, and Ak suffer from a comuon defect,
namely, the croad, rounded character of the seventh meximum.
Although this characteristic improves substantially in going
from AK to AM, the increasing height of the seventh, ninth
and eleventh maxima relative to the eighth and tenth main-
tains the generally poor fit. hodel AB shows maximum eight
as too strong relative to adjacent maxima, a difficulty
slightly improved by AF but offset by the poorer represent-
ation of the shape of the seventh minimum. Curve AG is the
most satisfactory of those shown, but it seems apparent that

the best wodel has a slightly greater bond angle (about
128-1/3%) and about the same bond ratio, corresponding to a
point about 1/3 of the way along a line from AG to AC in
Figure 15. An intensity curve for such a model =hould pro-
vide a better representation of the ninth maximum reiative
to those near it without altering too greatly the more de-
sirable characteristics of curve AC in the region of the

- fifth, sixth, seventh, and eighth maxima and minima, and the

ninth minimum.
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Of those Dpg models having a ratio of inclined to horiz-
ontal bond distance greater than one, A,B,C,D,E,N,0, and P
are generally poor, G,H,K, and L satisfactory, and F,I1,J, and
M, models which lie close to the liuits of uncertainty. lodels
F and M are unsatisfactory at the tenth maximum, as is model
J, which in addition shows the ninth maximum as too high in
comparison with the sixth and seventh. Curve I shows maxima
5 and 6 as not strong enough relative to those on either side,
and maximum 8 as too strong. Of the acceptable curves, K
and L represent the shape of the seventh maximum and its
height relautive to the ninth somewhat more poorly than do
G and H, which in turn are less satisfactory at the tenth

maximum*. These considerations suggest that the best

* The acceptable curves also show three minor disagreements
with the visual curve. These are (1) the appearance of the
first maximum, (2) the depth of the seventh minimum relative
to the fifth and ninth, and (3) the relative heights of the
fifth and sixth maxima, (itews (1) and (2) are peculiar to
acceptable curves in both regionsof acceptability). The
first item is of no importance, it is very difficult to
estimate the shape of the first maximum because of the intense
background at this point on the photograph. Item (2) is
likewise considered to be little importance. It prob-

avly arises from the considerably greater broadmess of

this minimum as coupared with others of comparable depth
near it, and from the difficulty of making comparisons
across the adjacent asyimetric features. Item (3) prob-
ably arises from errors of interpretation brought about by

a tendency to over-cowpensate for the background intensity.
We have carefully reexamined the photographs in this region,
and we believe from considerations based upon the appearance
of the height of the third maximum relative toc the fourth
that the fifch maximum should properly have been drawn
higher relative to the sixth.
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interpolated model lies approximately at the intersection
of lines drawn from G to L and from H, to K in Figure 15;
such a model has a bond angle of about ].26#}o and e bond
ratio of about 1.085, and would be in good agreement with all
the features of the diffraction pattern so far as they can
be interpreted.

Electronie Structure of Cyeclooctatetraene
and Choice of a Best Model

Although the cyclocctatetraene molecule has been found
to possess the symmetry Doy "tub", it is apparent that the
problem of its electronic structure has not been settled
by the electron diffraction experiments. The qualitative
comparisons described in the preceding section and the
values of Q,u1¢/dobg 2iven in Table 4 indicate clearly that
electron diffraction data extending only to q values of
-about 100 (8 ~31.5) do not permit a choice between a con~
figuration with the double bonds in the horizontal positions,
as shown in Figure 13, or one with the double bonds in the
inclined positions. It is certainly more likely, however, that
the former of these two alternatives represents the
actual case. The normal strain-free configuration of the
group C-C®=C-C is coplanar with a C-C®™C bond angle of about
125°, These conditions are closely approximated by the
best interpolated model having double bonds in the horizontal
positions (C-C®C~C coplanar, LC-C=C ® 1264°), whereas the
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best interpolated uodel of the other coni‘ig_mratic?n has a slightly
larger C-C-C bond angle (128-1/3°) and a non-coplanarity of
the C-C=C-C group amounting to a rotation of approximately 38°
aﬁout the double bond. These considerations indicate the
correct structure for cycloﬁétatetraene_to be one having the
molecular symmetry Dpg with alternate double and single bonds,
and with doutle bonds located in the horizontal positions.*
- The structural parameters®# for the best nodel are: C-C =
1.435 4 0.030, CaG = 1.326 & 0.016 R., £0CCC = 126.5 & 1.5,
£ CCH ® 126.5 &+ 1,5 (assumed), C-H ® 1.09 4. (assumed).
These structural parameters for cyclodctatetraene, a normal
C-C bond distance, a C-C single bond distance about
equal to that found in conjugated polyenes, and a C=C-C bond
angle approximately equal to 125°, are in complete accord
with its aliphatic, highly unsaturated character, and with

the small resonance energy as calculated from recent

% Experimental evidence which lends support to this choice

of the position of the doutle bonds was obtained by an electron
diffraction investigation of tetraphenylene (1,2,3,4,5,6,7,8~
tetrabenz- Al 355,7- cyclooctatetraene), I. L. Karle and L, O.
Brockway, Jour. Am. Chem. Soc., 66, 1974 (1944). Satisfactory
agreement was obtained between the observed pattern and theor-
etical intensity curves calculated for models which may be
considered as derived from z cyclooctatetraene with double
bonds in the horizontal positions.

#% The establishment of linits of error for the bonded C-C
distances is obtained from calculations based upon the size
of the region of acceptability shown in the right side of
Figure 10 and upon values of qcale/Uobs shown in Table 4.
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thermochemical measurements*. Several investigations of
the Raman ahd infra-red spectrum of c,clooctatetraene have
been carried out(17,18,19) and, although different interpreta-
tions of the data have led to proposals of several molecular
symuwetries, the data themselves are consistent and do not

appear to be in disagreement with the above model.

* B, J. Prosen, W. B. Johnson, and F. D. Hossini, Jour.
Am. Chem. Soc., 69, 2068 (1947). An earlier report (See
B.1.0.S. report N-137 Item 22 (1945)) of the heat of com-
bustion, which gives a calculated resonance energy of
25.4 kecal./mole, cannot be considered in agreement with
the structural results. Ihis value is only slightly less
per GC-H group than one-half that found for benzene, and
is undoubtedly incorrect.
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THE MOLSCULAR STHUCTURE OF AKSENOBENZENE. DaTeRMINATION
OF THE UNIT CELL AND SPACE GROUP OF thHs CRYSTAL
Introduction

The work described in this section was carried out
jointly by Dr. Jurg Waser and myself. ile are indebted to
Frofessor L. rauling for the suggestions which led to the
investigation.

Although arsencbenzene has been known since 1881 when
it was synthesized by hichaelis and Schults(l) its molecular
formula is still uvncertain. Chemists ordinarily consider
the formula to be (CéHS-As)z, which is written in structural

form witls the two ersenic atoms doubly bonded to each other.

On=mO

Determinations of the molecular weight of this substance

have been made by several investigators(z’B’A) in a number
‘of different solvents using both ebulloscopic and cryoscopic
methods (Table 5). The determinations, however, do not

lead to values in agreement with the above formula, but indi-
cate a degree of association which varies from 2 to 6 monomer
units (hionomer unit = (O As ) per molecule depending upon
the solvent. In one case considerably different molecular
weights were obtained by different investigators using the

same solvent and the same method (etulloscopic, with benzene).
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Table 5

Apparent kolecular Weights and Degree of
Association of Arsenobenzene in Various Solvents

Method Sglvent kol., Wt., CARH5 /molecule Investigators
Cryoscopic Naphthalene 642 . 4.22 (3)
Ebulloscopic Carbon 334 2.20 (3)

bisulfide
Ebulloscopic  DBenzene 402 2.6/ (3)
Ebulloscopic  Benzene 399.8 2.63 (2)
kbulloscopic  Benzene 915 6.02 (4)

The structure of arsenobenzene is of some biochemical
interest because of the therapeutic uses to which the compound
and the closely siuilar coupound salvarsan and neosalvarsan
are put. In addition, the possible presence of an arsenic-
arsenic double bond in arsenobenzene is of interest in view
of the fact that double bonds are seldom observed between
elements in other than the first row of the periodic table.

It seemed that an x-ray diffraction study, leading to s
determination of tne unit cell and space group of the crystal
might yield useful information regarding the structure of

arsenobenzene.

Preparation of Arsenobenzene Crystals

The arsenobenzene used in this investigation was prepared

according to the method descrited by ralmer and Scott(B).
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approximately 500 ml., of 50 weight % hypophosphorous acid
was mixed with 50 g. of recrystallized phenylarsonic acid
and the resulting solution stirred at 50-60°C, for ébout
five hours under an atmosphere of carbon dioxide. At the
end of this reaction time, the i.pure product was filtered
through a Buechner funuel, washed successively with portions
of warm 10% sodium hydroxide, 5/ sodium hydroxide, and distil-
led water. It was then dried over phosphorus pentoxide, and
recrystallized twice from chlorbenzene. At no time during
the preparation was the material allowed to come into contact
with air. The product obtained from this procedure had a
welting point of 207-208°C. This coupares well with previous-
ly reported values(2’394), which range frow 196°C. to 212°C.

In order to prepare crystals of a size suitable for x-ray
and optical work, it was necessary to take care to cool the
solutions slowly. Several solvents were tested of which
m-xylene proved to be the nost satisfactory. 4 few milli-
grams of arsenobenzene was dissolved in about 3 ml. of boil-
ing m-xylene, and the solution was gquickly poured into a
previously heated 30 ml. glass weighing bottle. The weighing
vottle was then stoppered and suspended in a water bath,
wnich consisted of a Dewar flask containing water at 100°C,
The Dewar flask was stoppered and allowed to cool to room
temperature; the time required for the cooling was about

48 hours, No special attempt was made to keep the m-xylene
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solutions free frow contact with air because preliminary
experimenfs had shown little 6r no evidence of oﬁidation
under these conditions of recrystallization¥., The arseno-
benzene crystals which were obtained by this procedure had
a lath-like appearance, and were about 0.5 mm. long, 0.2 mm
wide, and O.1 mu. thick, Their quality.for <Joniometric work
varied, but it was on the average good. At ithe time when
an optical exauination or an x-ray photograph was to be made
a suitable crystal was selected frow the mfxylene solution
and removed by means of a small spatula made by flattening
the top of a fine wire to a thickness of atout 0.0l mum. This
procedure, in which the crystals were left in contact with
the mother liquor until desired for use, was found to be most
satisfactory because the guality of the signals obtained in
the goniometry diminished appreciably after the crystal had
been in contact with air for a few hours.

Crystals suitable for x-ray work were mounted on the
ends of glass fibers by means of clear shallac soffened by
use of a hot wire. TFor optical work crystals were mounted

with goniometer waex.

# This obs?iyation is in accord with the findings of Blicke
and Smith, who report arsenobenzene to be more stable
toward oxidation by air than had been previously supposed.
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Physical Characteristics of the Crystals

A. Optical Examination

Arsenobenzene crystallizes in monoclinic laths with
the longest dimension parallel to the two-fold axis; a draw-
ing of a typical crystal is presented in Figure 18. Hemark-
ably few faces were developed on the cryétals. The forms
{100} and {001y were found developed on almost all the
crystals, but the prism faces in the same zone, such as
(102), (10Z), and especially (10l) and (101) occurred much
less frequently. FPrism faces in the zone [100], however,
were found more freguently than ths form {Qlo}. Prism faces
in the zone [001] appeared to be relatively rare.

Six crystals were examined with the optical goniometer;
the ap,roximate dimensions of these crystals were 0.5 mm. x
0.1 mm. x 0,2 mm, The reflections obtained from the faces
in the zone [010] were good, although a few crystals gave
double reflections from the (00Ll) and (00l) faces. Heflect—
ions from the (010) and (0ll) faces were fair to good.

In Table 6 is presented a sumi.ary of the goniometric
measurements and the axial ratios calculated from them.
B, Cleavage

The crystals were found to give good cleavage parallel
to the twofold axis, and appeared to have a preferred cleav-
age parallel to the (100) face. Attempts to cleave the crystal

in other directions. tere for the most part unsuccessful.
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(010)

(010)

(102)

FPigure 18
The Appearsnce of a Typical Crystal

of Arsenobenzene.



Sumrary of Goniometric lieasurements of

Arsenobenzene
Number of ‘Angles Between the Face Normals
Faces lieasurements# Aver. Value luean Deviation
001/100 21 69°46! 11!
011/010 9 16°21 81
102/100 7 54°41" 4

Calculated values of axial ratios and monoclinic angle

a; : ap t az = 1.869 : 1 : 3.709

a] ¢ as 0.504 ¢ 1

K

5 = 110014

#Number of determinations of angles between
equivalent faces in the six crystals examined.
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Determination of a Tentative Unit Cell for Arsenobenzens
A, Laue Symmetry |

A Laue photograph taken with the x~-ray beam parallel to
the needle axis of the crystal showed the Laue symmetry of
the crystal to be CZh‘ The crystal, therefore, belongs to
the monoclinic system, which confirms the conclusion drawn
from goniometric measurements.
B. Layer Line Measurements

Rotation photographs were taken with each of the three
crystallographic axes oriented in turn parallel to the axis
of rotation. CuK radiation filtered through nickel foil
was used, Measurements of the layer line separations were
made and from them approximate values of the lattice constants

were calculated. The results are presented in Table 7.

Table 7

Approximate Lengths of the Axds of Arsenobenzene
as Determined by Layer Line Measurements

al = 12.1 g.
82 - 6024 x.
33 - 24.1 ﬁ.
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Frecise Determination of Lattice Constants

Oscillation photographs of arsenobenzene were prepared
with the oscillation axis parallel to each of the cr&stal—
lographic axes in turn. CuK(* radiation filtered through
nickel foil was used and corrections were made for shrinksge
of the photographic film. The equatorial spots on each
photograph were indexed, and the data from the oscillation
photographs around a3 and a3 were treated by the method
of least squares to obtain values for the lengths of the
reciprocal axes; the angle X 2 was then evaluted from the
lengths of the reciprocal axes and data obtained from oscil-
lations about aps. The results are summarized in Table 8.

Verification of the Unit Cell

A symmetrical Laue photograph was taken with the
monoclinic axis of the crystal parallel to the x-ray beam,
The photograph was indexed by means of a ghomonic projection
- on the basis of the latiice constanis given above. A total
of 186 first order reflections were observed., In none of
these reflections were the calculated values of nA found

1o be less than the 0.24 R., the short wave length limit.

%* The wave lengths employed in the calculations were in
3ngstr'c'>ms and are as follows: CuKk] = 1.54050, CuKo =
L.54434, CuKg = 1.54180.



Precise Determination of Lattice Constants
for Arsenobenzene

a. Calculation of bl and bj,

2 sin?®” 2 sin ¥ hhthO(calc)

Index of spot A Weighting
h1hphs observed calculated hhlhzo(obs7 factor#*
100 0.0882 0.0876 0.993 1
200 0.1764 0.1753 0.993 1
300 0.2642 0.2629 0.995 2
410 0.3873 0.3856 0.996 2
510 0.4693 0.4667 0.994 2
520 0.5422 0.5435 - 1.002 2
620 0.6182 0.6164 0.997 3
720 0.6949 0.6919 0.996 4
630 0.7154 0.7135 0.997 5
730 0.,7826 0.7803 0.997 5
830 0.8528 0.8509 0.998 5
930 0.9262 0.9245 0.998 5
840 0.9524 0.9515 0.999 5

1.0594 1.000 5
560%# 1. 0699 1.0596 1.000 5
1.0985 1.000 5
1.1548 1.001 3
3romx 11558 1+15% 1.000 3
1.1772 1.001 3
L70%% {1.1781 1.1786 1.000 3
1.1924 1.000 3
860w 11938  1-1923 0.999 3
Average 0.999
#3654
o-1
b= 0.0876 4 0.0001 A
-1
boe 0.1607 + 0.0002 %
* The weighting factor applied was selected by considera-

tions of the quality of the reflection and the relative
magnitude of 2 sin®; . -

#%  The K] K 5, doublet was resolved in these ref%ect%ons.
##% The limits of error were established by considering the
average deviation in hegle /hobs 2s due entlre}y to errors
in the lengths of each of the reciprocal axes 1q&urn.
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Table 8 (Continued)

B. Calculation of b3 and b2

2 sinlV 2 sin ¥V hhyhoo(cale)
Index of spot A A Weighting
hihph3 observed calculated hhthO(ObS) Factor
006 0.2668 0.2661 0.997 1
018 0.3908 0.3898 0.997 1
019 0.4316 0.4301 0,997 1
0.1.10 0.4735 0.4716 0.996 1
0.1.12 0.5574 0.5566 0.999 1
0.1.13 0.6000 0.5983 0.997 1
0.2.12 0.6234 0.6216 0.997 2
0.1.14 0.6422 0.6412 0.998 2
0.2.14 0.7006 0.6991 0.998 3
0.3.12 0.7198 0.7181 0.998 3
0.2.15 0.7404 0.7387 0.998 3
0.2.16 0.7801 0.7788 0.998 3
0.3.14 0.7882 0.7861 0.997 4
0.4.12 0.8359 0.8345 0.998 4
0.3.16 0.8596 0.8578 0.998 4
U.4.13 0.8647 0.8635 0.999 5
0.4.14 0.8953 0.8993 1.004 5
0.5.10 0.9179 0.9179 1.000 5
0.4.15 0.9261 0.9250 0.999 5
0.3.16 0.9336 0.9324 0.999 5
0.5.11 0.9408 0.9401 0.999 5
0.4.16 0.9584 0.9574 0.999 5
0.5.13 0.9909 0.9890 0.998 5
0.4.18 1.0238 1.0257 1.002 5
0.6.9 1.0437 1.0437 1.000 5
0.6.10 1,0610 1.0615 1.000 5
0.6.12 1.1018 1.1015 1.000 5
1.1463 1,001 5
006.1‘5 1.1470 101470 l.ool 5
- £1,1963 1.001 5
0.6.16 51.1966 1.1973 1.001 5
1.2251 1.001 5
0.7.11 | 55e2 1.2264 1001 5

Average 1.000
by = 0.0443 * 0.00006 gt

by = 0.1606 + 0.0002 3%
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Table 8 (Continued)

Calculation of (3 2 from by and b3 and hy0hg reflectiions

Index of spot 2 sin ¥ cos@g
hlh2h3 p\
402 0.3305 0.3473
601 0.4931 0.3458
808 0.6671 0.3462
5.0.10 0.7219 0.3410
9.0.10 0.7592 0.3462
9.0.12 0.7810 0.3461
4.0.14 0.8109 0.3433
10.0.12 0.8532 0.3466
10.0.14 0.2812 U. 3464,
7.0.16 0.8918 0.33y8
10.0.16 0.9169 0.3463
10.0.18 0.9590 U.3408
] ) 0.9789 0.3468
11.0.16 50.9793 0.3462
1.0079 0.3466
10.0.20 §1.0078 0. 3466
1.0617 0U.3441
11.0.20 {1.0612 0.3432
1.1195 U.3469
10.0.24 1.1199 03464
o 1.1813 0.3472
10.0.26 {1.1813 0. 3471
1.0160 0.3470
11.0.18 {1.0158 0.3472

Avera_ e value cos@ 2 w  0.3457
Calculated value onQ = 69046

Average deviation = 5!
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Table 8 (Continued)

D. Sumrmary

b = 0.0876 + 0.0001 4+
b, = 0.1606 + 0,0002 371

0.0443 + 0.00006 3t

I+

W
|

By = 69°461 & 5
The upit cell dimensions

s, = 12,16 + 0.02 &

a, = 6.22 +0.01%
az = 24.10 + 0.08 §
X, = 110014 + 5!

a; i a5 ag = 1.955 :+ 1 : 3.875

8y ¢ a3 = 0,505 3 1
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Humber of liolecules of Arsenobenzene per Unit Cell

The density of the crystals of arsencbenzene wés determ-
ined by.the suspension method. Carbon tetrachloride was added
to a number of crystals of arsenobenzene placed in the tip of
a centrifuge tube, and the density of this liquid medium was
varied by the addition of ethylene dibromide until the heaviest
crystals renained suspended under centrifugation. The density
of the resulting solution was found to be 1.812 g/cc. by means
of a pyonometer. From this the number of monomeric arseno-
benzene units ( <::>'A5 ) per unit cell is found to be 12

(12.3 calculated).

Determination of the Space Lroup of Arsenobenzene

lieissenberg photographs were made of the equator, and

of the first and second layer lines with ag oriented
parallel to the axis of rotation, and of the equator with

a3 parallel to the axis of rotaticn, The photographs
were indexed with the aid of an indexing chart and the re-
flections were tabulated. FPertinent data frow these photo-
graphs are presented in Table 9. Since the reflections
(h;0h3) with hg odd do not ap,.ear, a C glide plane is indi-
cated to be a symsetry element of the arsenobenzene crystal.
The presence of a twofold screw axis, which requires extinc-
ticns of tre type OhplU with hp odd, is ruled out by the
appearance of the reflections (010) and (030). Tre extine-

tion rules required by centered lettices are alsoc violated,
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The informetion given by the x-ray experiments serves
to eliminate all of the space groups except G%h- pg, Gghf p%,
cl - pp, cl - p,, end c§ - P,. If a g glide plane is present,
ss seems certain from the cbserved extinctions, the probable
space groups are Ggh- R§ and cf - Pc. No attempt has been
made to determine whether or not the cryétal has a center

of éymmetry, which would permit a choice between these two

space groups.

Summary of Work on Arsencbengzene

The resultas of the work on arsenobenzene is presented
in Table 10.

The agreement between the axial ratios calculated from
x-ray and opticel measurements is not as good as is usually
obtained. This appears to be due to the large ratio of
a3/ ap in the arsenobenzene crystal and to the difficulty of
getting sharp, cleean reflections from the (011) face. It is
found that this difference in axial retios represents an
error of only about #° in the (011)/(010) angle. For this
reason, we do not consider this disagreement to be disturbing.
The ratioc ay/ ag, which is very much less sensitive to
changes in the angles measured by goniometry, is found %o
be in excellent agreement with the result from the x-ray

experiments.
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Table 10
Summar Work on obenzene
4 2 2
Probable Space Groupes Cop = Fg or Cgq = Pe
Lattice Constants
)
al 12016 * 0.02 4.
o
8.2 6.22 -t 0.01 A.
o
110°14* & 5¢

Density in g./cm? at 26.4°C 1.812

Number of {_)ds units 12
per unit cell. (12.3 cale.)
Axial ratlos and
monoclinic angle X-T8y optical
a] : ap 3 a3 1.955 : 1 : 3.875 1.869 : 1 : 3.709
a) ¢ ajg 0.505 : 1 0.504 : 1

110°14! 110°%14¢
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Discussion

The space group and unit cell of the arsenobenzene
crystal do not give as much information regarding tho structure
of the molecule as had besen hoped for at the outset of this
investigation. Frovided that there is only ome kind of
molecule present, the 12 <::7Ai units may be combined so
as to give 1, 2, 3, 4, 6 or 12 molecules consisting of 12,

6, 4, 3, 2, or 1 of these units respectively. Since it is
extremely unlikely that arsenic should form only one bond,

the possibility of 12 molecules of 1 unit each may be excluded.
Neither 1 molecule of 12 units nor 3 molecules of 4 units

each is compatible with the presence of a glide plane. There
remains to be considered only the possibility of 6 molecules
of 2 units each, 4 molecules of 3 units or 2 molecuies of

6 units.

In addition to the discrete molscule mentioned above,
however, there exists the very interesting possibility that
arsenobenzéne crystallizes with the arsenic atoms bonded
together in infinite chains, probably parallel to the mono-
clinic axis. Such a structure is possessed by crystalline
selenium, which is adjacent to arsenic in the penodic table;
and it is not unraasongble to suppose that arsenic (which in
the elementary state crystallizes with the atoms bonded to-
gether in infinite sheets) could also form infinite chains

after saturation of some of its side valences as occurs in
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arsenobenzene., <his type of structure provides a satisfactory
explanation for several of thé properties of arsénobenzene,
both in the crystalline state and in solutlon; for example:
(1) Cleavage of the crystal occurs with marked ease
parallel to the monoclinic axis of the crystal.
(2) Oscillation and rotation photographs made with
tﬁe monoclinic axis of the crystal parallel to
the rotation axis show a marked falling off in
the intensity of the spots from low to high angles
of scattering; This effect is not cbserved in
the photographs made by rotation or oscillation of
the crystal about the other axes, and may be
interpreted as a temperature effect resulting
from the relatively greater freedom of motion
in directions other than that parallel to the
chains.
(3) The wide variation in the results of the determin-
ations of the molecular weight of arsenobenzens
is not hard to understand if the { 74’ units
are bonded together in infinite chains. The
size of the chain fragments in a solution of
arsenobenzene would be expected to vary with the
conditions under which it was dissolved, and if
the equilibria between these several species is
slow, fluctuations in the average molecular weight

would result.
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(4) The chain structure is in accord with the genmeral
observation regarding the formation of only single
bonds between elements in other than the first
row of the periodic table.

If arsenobenzene does have a atruc;ure composed of
infinite chains of <::>A9 units, arranged parallel to
the two-fold axis, it is likely that the unit cell conteins
either two or fomr of such chains., Six chains permit only
two arsenic atoms per chain to be contained in a distance
of 6.22 §. (the length of the two-fold axis), which requires
an arsenic-arsenic bond distance of 3.1l g. at a bond angle
of 180°. The normal bond distance is about 2.4 £. and the
bond angle about 97°. In the case of 4 chains the bond
angle is calculated to be about 120° (based on an arsenic-
arsenic distance of 2.4 £.) which is still very much larger
than normal.

We intend to continue the investigation of this structure.
The positions of the arsenic atoms may be obtained by
Patterson projections, and it is hoped that further refine-

ment can be made by Fourier methods.
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Propositions Submitted by Kenneth V. Hedberg

Ph.D. Oral Exomination, May 28, 1948, 9:00 A.M., Crellin Conference Room
Committee: Dr. Corey,(Chairman), Professors Badger, Bates: Lauritsen,
Lucas, Sturdivant, and Dr. Waser. .

1. The surprising and astonishingly incorrect structure odbtained by
Bastiansen and Hassel(l) for 1,3,5,7~cyclooctatetraene cannot have
resulted from the normal uncertainties of the electrom diffraction
method. I propose that the explanation of this result lies in the
interpretation by these investigators of the diffraction pattern of
styrene as that of cyclooctatetraene.

(1) See O. Bastiansen, O. Hassel, and A, §angseth,
Nature, 160, 128 (1947)

- 2. (a) The procedure employed by Staudinger and Bheiner (2) for the

isolation of B~dicyclopentadiene camnnot have resulted in the separation
of this stereoisomer.

(b) It seems quite possible that f-dicyclopentadiene does not exist.
I propose that appropriately treated samples of dicyclopentadiene be
subjected to chromatographic experiments in an attempt to settle this
point by separation of the proposed g— and B-isomers.

(2) H. Staudinger and A. Bheiner, Helv. Chim. Acta,
T 23 (1924)

3. Structural formulas frequently written for molecules of trivalent
ersenic compounds in which an arsenic atom is represented as doubly
bonded to another atom are misleading in the impression they are intended
to convey regarding the structure of thes