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ABSTRACT

The complex formation of the disubstituted alkynes
. with cuprous halides has been investigated. WNo cuprous
fodide-alkyne complexes have been observed. Many of bthe
physical characteristlics of the cuprous chloride-and
cuprous bromide-alkyne crystalline complexes have been
determined. These include the dissociation vapor pressures,
the heats of dissociation, the compositions, their solu-
bilities in excess ligand, and the densities and vapor
pressures of their saturated solutions. In addition the
vapor vressure lowering as a function of temperature for
the saturated solution of the cuprous chloride 3-hexyne
system has been investigated and compared with a theo=
retical model. A study of the vapor pressure lowering
as a function of temperature for alkyne solutions of
constant concentration for the cuprous chloride 2-butyne
and currous chloride Z2-pentyne systems suggests the
presence of more than one complex species in solution.

A preliminary investigation of the absorption
spectra indicates that the cuprous halide-alkyne complexes
are strongly absorbent in the infrared and the ultraviolet.

The unit cell and space group of the cuprous chloride-

2-butyne complex are given.
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- PART T
COMPLEXES OF THE CUPROUS HALIDIES
WITH DIALKYL ACETYLENES,

A. INTRODUCTION.

The present work, which is primarily a study of the
reactions of the cuprous halides with various alkynes in
the aliphatic phase, is a natural extension of the stud-
ies initiateds# by Winstein and Lucas (1) in 1938 on the
addition complexes formed by olefins in aqueous silver
nitrate solutions. The chemical nature of these addition
complexes and their relationships to the reaction of olefins
in the presence of certain metal salts have been long
standing problems Iin chemistry and have in recent times
received considerable attention. It is felt, however,
that the subject has been adequately reviewed by Plesch
(3) and Xeller (l).

As in the case of the olefins, coordination of
acetylene and its derivatives with cuprous and silver
salts have been known for some time, however until recent=
1y little systematic work has been accomplished in this
field. The production of colorless crystalline needles
when acetylene is passed through an anhydrous alcohol-
cuprous chloride mixture was first reported (5) by Hofmann

and Kuspert in 1897. Their analysis indicated a composi-

# In a prior paper by Eberz, Welge, Yost, and Lucas (2) the
argentation constant of isobutylene was calculated but the
study was mainly concerned with the hydration of isobutylene.
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tion of 6CuCl-C Hye Although very unstable the crystals

2
were not explosive; however, in the presence of water or
-ammonie they decomposed readily to give an explosive red
amorphous precipitate. A year later Chavastelon (6) des~
cribed a colorless crystalline precipitate which was similar
in most of its properties to that obtained by Hofmann and
Kuspert. However, he prepared 1t at 10° by the solution of
acetylene in dilute hydrochloric acld containing dise-

sclved cuprous chloride. Chavastelon described these
needles as prisms, 5-0 mm. long,belonging to the héxa—

genal or orthorhombice systems. Under very rigorous con-
ditions he achieved their analysis and reported the com-
position of the complex as 2CuCleC,H,. In this paper
Chavastelon also reported the dissociation vapor pressure

of" the complex at several temperatures,

In two later papers, (7, 8) Chavastelon, following
Berthelot (9), reported the existence of three different
precipitates when acetylene was dissolved at different
pressures in an aqueous solution of potassium chloride
containing cuprous chloride. In addition to the two pre-
cipitates observed by Berthelot, viz., yellow crystalline
needles and a purple amorphous material, he obtained color-
less orthorhombic needles. Chavastelon expressed the re-
sults of his snalysis in the following manner:

CpHpe+ (2CuC1l+KC1),, yellow needles; C,H,*2CuCleCu0, purple

amorphous material; and 02H2-20u01-K01, colorless crystals.
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Manchot, Withers, and Oltrogge in 1912 suggested (10)
the presence of a colorless l=to-l complex between acety-
- lene and cuprous chloride in & hydrochloric acid solution
containing only small amounts of cuprous chloride. Their
suggestions were based on solubility measurements of
acetylene as a function of the amount of cuprous chloride
present. One might consider that this suggested complex
parallels, but antedates, most of those studied by Keefer,
Andrews, and Kepher (eege 11) in their work on the complex
formation of olefins with cuprous and silver salts.in
agqueous solutions. Manchot and hls coworkers found that
at high cuprous chloride concentrations a colorless complex
of the composition QCuCI°C2H2 was precipltated and at low
hydrochloric acid concentration a dark purple amorphous
precipitate with the composition Cu202~0u01'H20 was formed.

Gilliland and his coworkers (12) determined the heat
of dissociation, the dissociation vapor pressure, and the
composition of the 2CuCl-02H2 complex in equilibrium with
solid cuprous chloride and gaseous acetylene., However,
their molar ratio of acetylene to cuprous chloride in the
complex varied from 0.462 to 0.535; furthermore, they
reported the complex as having a purple color. Similar
work was described in 1950 by Osterlof (13) who found
three colorless addition complexes of acetylene with
cuprous chloride in an alcoholic sclution of hydrogen

chloride. At -30° and 750 mm. pressure of acetylene, a
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l-to-1 complex existed, and at 25° the 2-to-l (2CuCleCoH,)

and the 3-to-l (3CuCl+CyH,) complexes were present. For
.the latter two complexes he determined the dissociation
vapor pressures at several temperatures.

Partial clarification of the reasction of cuprous
chloride with acetylene under various conditions was given
in four recent papers (1L, 15, 16, and 17) by Vestin and
his coworkers, The various compounds formed in the agqueous
and solid phases in their studles have been included in
Table 1 with the spproximate conditions. Although many
of their vapor pressure measurements were determined when
the 1liquid phase was supersaturated with respect to one of
the precipitates listed in Table 1, the measurements were
reproducible. Furthermore the dissociation vapor pressure
over the colorless addition complexes, 2CuCl*CoHs and
3CuCl-CoH,, were approached from higher and lower pressures
of acetylene. In previous investigations the approach was
only from one direction (12, 13) or the method was undes-
cribed (6). Vestin and his coworkers found that pure
dry cuprous chloride did not react with anhydrous acetylene
even when the partial pressure of acetylene was 10 atm..
The solubility of cuprous acetylide and silver acetylide
in aqueous solutions containing dissolved cuprous chloride
and silver nitrate respectively 1s probably due to the
anion CuyCye(CuCl)g c12"2 (1) and cation AgZCQ'Ag6+6 (18).

Definite evidence for less complex soluble addition compounds
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5
able l.

Reaction of Cuprous Chloride with Acetylene

Compound Phage of
formed ‘compound
(HECZCH)CQH gas
(HQCZCH)'QC2 gas
020u2 solid,
8.m.d
CQCuQ-(CuCl)n solid,
a.m.d
(CuCl)geCuC, solid,
*(KC1), cry.©
02H2~Cu01 soln,
02H2‘0u012 soln.
02H2°Cu soln.
. g e
02H2 20uCl cry.
C H,e3CuC18 ery.

at Room Temperature.?

Color Acidity (Cuc1)®
low high
low high

red low low
violet low low
yellow neutral high
£ .
color- LM, medium
less
" f
Lim, medium
" Ll.Mo £ medium
" high high
" high high

& Vestin and coworkers (1l,

b

~
-t

d

M. means molar.,

Total concentration.
Pressure of acetylene.
am, means amorphous.

cry. means crystalline.

15, 16, and 17).

€ In equilibrium with solid CuCl.

(c1~)b

high
high

low

low

high

high
low

high
high

abtm,
high
high

0057
0.38
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involving the carbides such as Agng'Ag+ is not available
even théugh solubility studies have been made (18, 19).
Although the soluble cuprous acetylide complex has a very
" high molar extinction coefficient, concentrated silver per=
chlofate solutions of silver acetylide have a clear spectrum
above 270 mpy .+ The crystal structures of the acetylide
complex AgQCZ-(AgNOB)é, first prepared by Shaw (20), and of
the acetylene addition complex 20uCl'02H2 have been described
briefly by Osterlof (21). The complexes of silver acetylide
with other silver salts have been reviewed by Vestin (18).

Prior to 1950 no quantitative work which is known to
the author on the coordination of substituted acetylenes
with cuprous or silver salts had been reported. Even the
accounts of gualitative studies were very few in number.
Yet aryl substituted acetylenes were known as early as
1912 to form colorless crystalline complexes with cuprous
chloride simply upon mixing the reagents. This was the
work of Withers and Oltrogge as described by Manchot (10).
Table 2 lists the acetylene derivatives which reacted
with cuprous chloride and their reported properties and
Table 3 lists the related compounds for which no reaction
was obtained. In these addition compounds, however, the
nature of the binding of the triple bond to the cuprous
chloride is obscured by the presence of other known

electron donors.
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Table 2

Acetylene Derivatives which React

Compound'

C6H5-CECH

CHB-OuCéHh~05CH
(CH2-02)=06H3-CECH
06H5~C§C~I
C6H5-C§C—Br

06H5~CEC—CO~NH2
CéHs-C =C-CN
HOOC=CEC~E

CQHSOOC-CgCH

with Cuprous Chloride,®
Properties of complex formed.
colorless crystalline needles, easily
decomposed to starting reagents, re-
acts with water to form & colored salt
same as above
cclorless crystalliine needles

very narrow colorless needles

large cclorless tabular parallele-
pipeds, easily formed

fine colorless needles
fine colorless needles
very small colorless needles

regult unclear due to the formation
of a brown precipitate

& Manchot, Withers, and Oltrogge (10).

Table 3

Acetylene Derivatives which did not React

CgHE=CEC~CHy
CgHg-CEC-CoHgy
CgHg-CEC~CO0C HHi

& Manchot, Withers

with Cuprous Chloride.”

CHBO-GéHu-C§C~CO-06H5

CH30~CyxH) ~CEC-CZC-CgH) ~0CH,

(CHy0, ) =CgH4=CEC-CEC~CgH3=(0pCH, )
and Oltrogge (10).
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W.S. Dorsey, at this institution, gave an account
(22) 1in 1950 of a l-to-l complex containing 3-hexyne and
silver ion in the presence of aqueous silver nitrate
using the distribution method (1, 2). His value for the
- association constent was confirmed by G. Helmkamp (23),
who used a solubility technique and who extended the
investigation to several other disubstituted alkynes
some of which contain additional functional groups.
Finally Comyns, also at this Institutlion, isolated
several crystalline complexes of disubstituted alkynes
w;th silver nitrate and silver perchlorate from non-

aqueous media (24).



B, APPARATUS.

Although much of the apparatus and techniques used in
the present study are well known and practiced slsewhere,
they are'described here for the sake of completeness.

Constant Temperature Baths. Two constant temperature

baths were used in the present study. Bath No. 1 was a
"Sargent" water bath which consists of a pyrex jar 16 in.

in diameter and 10 in. high equipped with cooling coils and
with a pedestal containing heating and circulating units.
Temperature sensitivity was obtained through the thermo-
expansion of mercury in contact with a platinum electrods.
The temperature was adjusted with the ald of a thumb screw
attached to the electrode. The temperature could be main-
tained constant within 10,02°. The bath level at high temp~
erature was conveniently maintained with the aid of the Li-1.
french separatory funnel having a large bore stopcock.

Bath No. 2 consisted of a jar 9 in. deep and 8% in. in
diameter equipped with a heating element, cooling coils, and
a thermoregulator. This regulator depended upon the thermo-
expansion of toluene. Electrical contact was achieved by
the use of mercury. A coarse movement of a platinum electrode
resulted in a very small temperature change (in the order of
0,01°). The precision obtained was somewhat greater than
0.01°. The bath was stirred with the aid of a propeller
mounted on a "Cenco" motor.

A source of cooling water of inconstant temperature was
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'supplied to the cooling coills of the baths from an
"Aminco" refrigerated constant temperature bath.

Magnetic Stirrer., Magnetic stirring under water was con-

veniently obtained through the use of the apparatus depicted
in Fig. 1. The rotating magnetic field was provided by a
small "Norelco" horseshoe magnet mounted on the shaft of a
6-volt d.c. car-heater motor. The speed was adjusted with
the ald of a rheostat. This stirrer was designed for use
with the above mentioned constant temperature baths.

Shaker. A vibrating "Boerner" shaker# was used for the
preparation of some complexes in ampoules and for the com-
position determination of certain complexes.

Cathetometer. The cathetometer used in all the measure-

ments of pressure was made by the Fred C, Hensen Co.. It
consisted of a counterbalanced traveling telescope mounted
on a vertical heavy walled tube with a substantial three-
legged base. Provisions were made for the leveling of the
cathetometer. A l-m. scale graduated in millimeters was
attached to the vertical tube. In a private discussion,
the manufacturer estimated the accuracy of the length of
the scale and the ﬁosition of the divisions to be within
0.1 mm. of their correct values. The fine adjustment
was obtained with the use of a worm gear. Tenths of a

millimeter were measured with a vernier scale.

# Sold by Arthur H, Thomas Co., Phil., Pa..
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High Vacuum Apparatus: Introduction. A high vacuum
apparatus is sometimes useful when it is found desirable
to handle compounds that have appreciable vapor pressure
(at least of the order of 1 mm. of mercury). The utility
. of the apparatus is particularly increased if it is necessary
to exclude the atmosphere. The operations listed below are
conveniently achieved on the high vacuum apparatus about to
be described:

(1) quantitative transfer of a volatile compound
between any btwo vessels in the system,

(11) the determination of the molecular weight of a
volatile compound by the measurement of a pressure and a
volume,

(i11) purification by a volatile compound by fraction=
ation and distillation,

(iv) determination of the vapor pressure of the volatile
compound,

(v) interminable storage of a compound with the ex=-
clusion of all contaminants except mercury and glass.

It 1is appropriate to mention here that the apparatus
was principally a chemicsal high-vacuum apparatus and that
pressures of 10-3 mi. ({ gnoring mercury vapor pressure)
are to be considered hard or high. The hardness of the
vacuum was determined with the aid of a tesla coil. The
author would also like to take this place to advise the
reader that unless specifically stated otherwise t'distill-

ation' should be interpreted as high vacuum distillation.
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Some Details of Operation. A single stage mercury
diffusion pump was used to produce the vacuum necessary;
this was backed up by a Welch "Duo-seal™ rotary pump. When
nitrogen'or_air was bging removed from the system, the
- mercury diffusion pump was bypassed to prevent the mercury
vapor from being flushed into a trap or the pump. A rough
vacuum "Cenco-hyvac" pump was used for the operation of
the mercury reservoirs., To reduce the frequency of pump-
ing a 5-1. flask was attached to the rough vacuum line
as Fig. |}, shows. This usually made one evacuation & day
sufficient. Nitrogen, advertised by the vendor# as 99.9
percent pure, was also used to operate the mercury reser-
voirs and to flush the high vacuum apparatus on certain
occasiona. The reader may correctly assume that all sub-
sequent references to nitrogen gas refer to that variety
mentioned above,

Some Details of Construction. The following details

of construction are considered noteworthy since they have
appreciably facilitated the fabricatlion and maintenance
of the vacuum apparatus.

(1) Side arms were attached to the mainline prior
to its permanent mounting on the bench. Additional side
arms were added anticipating unknown future needs. Whenever
possible the side arms entered the mainline from the top

or the side, thus preventing free mercury from interfering

% Iinde Co..
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with the operation of valves when the pressure differ-
ences Qere low. -

(11) Where possible the mainlines were mounted 30°
from the horizontal. This prevented the formation of un-
wanted mercﬁry pools. Provisions were made for the easy
collection of the mercury.

(111) The apparatus was constructed in such a way
that unwanted material could be easily removed from all
traps and all mainlines could be easily cleaned or
washed out.

(1v) The leaching of grease from unshielded stop=-
cocks by volatile solvents was noticeably reduced by
having the approach to the stopcock from above,

Stopcock Grease. The greases found suitable for stop-

cocks were Apiezon "N" and "T", Apilezon "M" grease was

found suitable for ground glass joints but not for stopcocks.

"Celvacene” high vacuum, mediumi#, was satisfactory for

neither stopcocks nor ground glass joints. The room temp-~

erature varied from 20° to 30°. The estimated average 1s 27°.
Valves. Vacuum stopcocks (using Apiezon "N" grease)

in contact with the vapor of 2e«butyne at room temperature

for 2h hours developed leaks when cooled to -78°. The

leaching powers of other alkynes reported in this study

were similar. Hence, 1f the vacuum stopcocks are to be

used under such conditions as above, then it 1s imperative

that they be shielded from the vapor. Five different types

# Conszolidated Vacuum,
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. of valves have been constructed whicﬁ are sultable for
use in tﬁe presence of liquid solvents and their vapors.

Valve No. 1. Valve No. 1 is a valve described many
times (25) and shown here primarily for comparison and
completeness. It is the stopcock with the mercury cutoff
in Fig. 9. The contact of the mercury with the grease is
reduced by the use of the ground glass surface cutoff at
the bottom of the mercury reservoir. The rod is normally
forced down by extended rubber tubing. The tubing alsc
serves the purpose of making the reservoir vacuum tight.
When the rod is manually lifted the mercury level in the
valve is raised or lowered according to the pressure in
the reservolr. Rapid spoilage of the rubber tubing
requires its frequent replacement; this is an awkward
job when the reaction vessel cannot be disturbed.

Valve No. 2. Much like valve No. 1, this valve
(Fig. 5) has a stopcock in place of the ground glass
mercury cutoff. However, in the experience of the author,
who greased the stopcocks of two such valves with Dow
Corning high vacuum "Silicone" grease, proper degassing
of the stopcock was not accomplished.

Valve No. 3. This valve, shown in Fig. 6, is easily
constructed but requires considerable space. It was
specially designed for slow removal of small amounts of
gas from reaction flasks without fear of contamination of

the system. This is achieved by lowering the mercury in the
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valve to a posiiion where a gas bubble appears and grows
on the vacuum line side of the siﬁtered disk. The pressure
in the system should be at least 20 percent less than
atmospheric if the valve 1s to be closed and not lesk,
The difficulty resides primarily in the fact that upon
ambient temperature increases mercury expands and leaks
into the reservoir, leaving insufficient mercury in the
valve when the temperature subsequently decreases,

Cautlon should be exercised in the choice of sintered
disks for this type of valve. The disk should not lesk
mercury under a pressure of 1,3 atmospheres or fracture
or chip easily. In each No. 3 valve constructed, a 10-mm.
diameter disk of medium porosity was used. The glass
float was constructed of 8-mm. rod. The float is seated
with gentle tapping.

Valve No._l. For simplicity of construction and
operation no previously described valve 1s comparable to
valve No. L4 (Fig. 7). This valve requires no mercury
reservoir for its cutoff properties. The mercury level
is raised above the level of the grease in the stopcock
simply by lowering a weight Into a few cec. of mercury.
The weight is an 1ll~cm. length of 1/li~in. "Swedish steel”
enclosed with a few cc., of mercury in a section of 10-mm.
pyrex tubing. Ample room was given for the expansion of
the mercury enclosed with the iron rod. The weight is

lifted by the gradually increasing magnetic field of a
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solenold controlled with a variac. As the rod is lifted
the mercury level in the llj-mm. cylinder is lowered and
with tapping the stopcock is freed of mercury. The valve
can be képt_open indefinite lengths of time.

Mercury Float Valve. A mercury float valve has been

constructed which opens readily with a pressure difference
of one atmosphere across the seated floats. The use of
sintered glass disks In the floats permits rapid equi-
libration of pressure across the valve when it is opened.
Utilization of sintered disks for this purpose was first
mentioned by A, Stock (27).

Construction. The valve 1s constructed of pyrex, and
it is of sufficient simplicity that it may be completed
by an amateur glass blower in a couple of hours (see Fig. 8).
The ground glass seal 1is provided by the ground surfaces of
a standard taper joint size 10/30. To construct the float
the male part is joined to a sealing tube containing s
medium 10 mm. diameter sintered glass disk. The other end
of the sealing tube 1s pulled off and blown round so that
the sealing tube terminates 244 mm. from the disk. Just
below the disk a hole 7 mm. wide by 10 mm. long is blown
in the side of the float. In corder to facilitate the
exit of the mercury from the interior of the float (hence
away from the sintered disk) the lower edge of the hole is
pressed inwards with a file, toward the axis of the cylinder.

When this is not done only one side of the valve will open
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normally when the pressure difference is greater than about
6 cm., of mercury since surface tehsion effects do not permit
‘the flow of mercury from the sintered disk on the low
pressuré side of the valve. The total length of the
float is 75 mm..

The casing for the floats and the female part of the
ground glass seal are constructed at the same time as the
float. Two female members of the standard taper 10/30
joints are each éarefully sealed at the beaded end of the
ground glass surface to a length of 16 mm. tubing. To insure
a ground glass seal and the concentriclity of the parts a
float (just after the sealing tube is joined to the male
member of the ground glass joint) is lapped with a female
member of the joint using a mixture of glycerol and LLOO=
mesh carborundum as grinding compound. Once a satisfactory
seal is obtained the members of the joints are no longer
interchangeable. The rest of the construction is straight-
forward,as is indicated by Fig. 8. The valve then is
carefully annealed,

Operation. The valve is opened by lowering the mercury
to level "A", At this level the mercury protects the valve
from injury by the falling float. The float on the high
pressure side usually follows the mercury surface down.

The pressure difference is equalized by diffusion of the
gas through the sintered disk in the float on the low
pressure side, When the pressure difference is approxi-

metely 2 cm. Hg. the float on the low pressure side is freed
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by gentle taps on that side of the valve, The valve is
closedlby raising the mercury level and tapping gently
.as the floats seat,
The quantity of mercury used (ca. 33 ml.) could be
considerabiy reduced by the use of a smaller sintered disk.
Unfortunately they are not commerclally available,

Storage Vessels. As indicated in Fig, li three storage

vessels were constructed; two of them were provided with
2=-1, flasks, Shlelded valves of type No. 1 were employed.
Hence 1t was possible to store for long periods of time

the purified alkynes (3-hexyne, 2-pentyne, and 2-butyne)
under oxygen-free conditions in a manner which was integral
with the vacuum system and, hence, made them readily
accessible.

Molecular Weight Determination Apparatus., Provisions

have been made for the determlination of the molecular
weights of compounds volatile at room temperature (i.e.
vapor pressure at least 10 mm.)., The manometer was con=-
structed of ll~-mm. pyrex tubing. The valve used was the
mercury float valve described above. The volume of the
apparatus at zero pressure was 0,328 1. as determined

with the aid of purified 2-butyne. If sufficient material
was present rough measurements of vapor pressure could also
be made,

Reaction Flasks. Reaction flasks, sometimes called

equilibration flasks, were designed for vapor pressure
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which protected the grease of the stopcock from the alkyne
vapors.

This type was particularly convenient for use in
systemskwhere low pressures (gg. 100 mm, or less) were ob-
tained. Samples of gas were removed without cooling the
reaction flask itself by lowering the mercury in the mano=-
meter. With the aid of a reference point a system of con-
gstant volume could be obtained. The manometer was con-
structed of 20-mm. tubing.

Solids were introduced into both types of reaction
flasks with a funnel through stem "S" indicated in Fig. 9
and 10, The maximum error of reading one column of mer-
cury for both types of flasks was estimated at 10,1 mwm..
If this is combined with the maximum error estimated for
the cathetometer then the total maximum error for a pressure
determination is 10,4 mm..

Sealing of Ampoules. Ampoules constructed from a clean

section of 9~mm. pyrex tubing sealed to a standard taper
10/30 female joint, the inverted "U" type ampoule shown in
Fig. 3, and the melting point apparatus Fig. 2 were always
carefully sealed under high vacuum conditions, the joint
removed and the seal annealed. This procedure was always
unaccompanied by the charring of grease or organic compound
or the destruction of any inorganic material unless speci-
filcally stated to the contrary.

Rough Vacuum System. A general purpose rough vacuum
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system was constructed and found to be of considerable use;
however; the only feature of the system wdrthy of any note
is the following pressure regulator.

Pressure Regulator. A new variation of the cartesian

diver pressure regulator has been designed and constructed.
The use of rubber stoppers and screw adjustments were avoid=
ed. Once initial adjustments of the mercury level (see Fig.
11) were made, no further adjustments were necessary. The
cartesian diver was constructed of 20-mm. tubing and was
removable. The inside diameter of the capillary measured
about 0.7 mm.. The pressure in the reservoir (volume=50 cc.)
controlled the movement of the float. This pressure was
regulated by the stopcock tc the system line and the stop~
cock to the atmosphere via a capillary. Failure to open

the stopcock to the system and at the bypass at the end of
distillation is not accompanied by the entering of mercury
into 1naccessible places. A paper giving the theoretical
treatment of cartesian diver pressure regulators is thabt of

Gilmont (28).
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- C. REAGENT PREPARATION.

2=-Butyne. This was obtained from Farchan Research
Laboratories. The ampoule of alkyne as received from
Farchan wés cooled in an 1ée-water bath, opened, and
transferred under nitrogen to a vessel contalning freshly
cut metallic sodium. This vessel was then attached to a
high vacuum system, chilled in liquid nitrogen, and the
alkyne degassed. The alkyne# was then allowed to warm to
0® with the metallic sodium in order to destroy any perox-
ides, water, or l-butyne present. Since all of these
processes involve the evolution of hydrogen, it was
desirable to keep the hydrogen pressure as low as pract-
ical., This was achieved by cooling the vessel with liquid
nitrogen and evacuating the gases formed every five minutes
or so in order that the hydrogen pressure when the vessel
was at liquid nitrogen temperature was of the order of 1 mm..
When the alkyne no longer reacted with sodium at 0° 1t was
distilled to a clean flask and transferred under nltrogen
to a L0-cm. helix packed column which had been flushed with
nitrogen for at least one-~half hour. The constant boiling
(bape 26,9° at 7h7 mm; n25D'1.3890) second fraction was
collected in an ice~hydrochloric acid bath at ~17°. The
condenser and the cold finger were cooled with a rapid

stream of water at 3°. The column vent was protected by

s+ Impure alkyne reacts with pure cuprous chloride to give a
brown flocculent precipitate which obscures complex formation.
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a glass "tee" through which nitrogen was flowing. The
nitrogen flow rate was adjusted until bubbles formed at
a slow rate from a plece of tubing immersed a centimeter
into a contalner of water. The second fraction was trans-
- ferred under nitrogen to the high vacuum apparatus and
again treated with sodium. Little or no reaction was ob-
served, The sodium treatment was used for each of the
alkynes prepared both before and after distillation under
nitrogen. The purified 2-butyne was then stored.

2-Pentyne. Although most of the 2-pentyne used was
from Farchan an appreciable fraction was from some 2=-pent-
yne which Comyns had recovered from solubility experiments.
Generally the purification# of the 2-pentyne was similar to
that described for 2-butyne except that two distillations
under nitrogen were made instead of one; in the first,
fractionation was accomplished with a 35ecm. Vigreux column
and in the second, with a LO-em. helix packed column. In
each case the second fraction was collected, The physical
properties were b.p. 55,3=55.4° and b.p. 55.4°(743 mm. ),
nst 1.4,005., It was not necessary to use 3° water for
cooling., However, the distilled alkyne was collected at 0°.

j-Hexyne. The source and purification of 3~-hexyne was

essentially the same as for 2-pentyne above., The physical

3 The residue from the sodium treatment would in some cases,
usually after treatment of impure 2-pentyne, ignite spontan-
eously in air after a short induction period,
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'properyies were b.p. 80.3-80.7°(750 mm.), n25D 1.4090
(second fraction 35-cm. Vigreux coiumn) and b.p. 80.6°
(749 mm.), n25D 1.4090 (second fraction L0-cm. helix
packed cblumn). |

Unless noted otherwise the alkynes used in the follow=
ing experiments were purified as above and stored in the
speciai vessels described on page 22.

Cuprous Chloride. Pure white cuprous chloride was

prepared in a manner similar to the following example.
Reagent grade cuprous chloride (green, 28.6 g.) was dissole
ved in approximately 50 ml., of reagent grade concentrated
hydrochloric acid. The dark brown opaque solution formed
was filtered through a medium sintered disk Buchner funnel.
The filtrate was then added to L.l of distilled water
through which nitrogen had been bubbled for one-half hour,
White cuprous chloride was precipitated and the supernatant
liquild had a light blue color. When the precipitate had
settled the aqueous phase was removed by decantation and

the precipitate was collected in a 50-ml. centrifuge tube.
After centrifugation, the remaining solution was removed

by decantation and the precipltate washed once with nitrogen-
bubbled water and agaln collected by centrifugation and de-
cantation. When the precipitate was redissolved in concent-
rated hydrochloric acid a yellow solution was formed which
gradually became brown as more cuprous chloride dissolved,

The brown solution, after filtration, was diluted and again
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gave a very pale blue solution and a white precipitate.
The procedure was repeated for the third time and the
collected precipitate washed twice, Immediately after
the final decantation_thé centrifuge tube with the cuprous
chloride was introduced into one side of an inverted "U"
system of glassware connected to the high vacuum apparatus.
The inverted "U" was detachable from the apparatus and was
comparable in appearance to that in Fig. 29. After the
system had been évacuated for about 7 minutes the stopcock
of the inverted "U" was closed and the system removed from
the vacuum line. The other side of the "U" was a long
section of 25-mm. tubing. This side of the inverted "U"
was immediately cooled and malntained at liquid nitrogen
temperature. After 22 hours of drying, 4.1 g. of pure
white cuprous chloride was obtained. Once established
as a practical procedure the above method was followed
except as indicated in the additional notes and comments
below:

(i) This method of purification insures the absence
of all contaminants except in trace quantities. Any hydro-
chloric acid present with the final cuprous chloride sample
was removed with the water;

(11) The hydrochloric acid present in the precipitate
delays air oxidation of the cuprous chloride (29). In
neutral and basic solutlions in the presence of air, the

cuprous chloride precipitate immediately turns yellow.



31
For thls reason the precipitate was washed only twice.
For the same reason the precipitate was collected as
soon as possible after decantation. A L-1, beaker rather
than a large Erlenmeyer flask was used to contain the
nitrogen-bubbled distilled water, as immediate collection
of the sample was easler from the beaker.

(111) Prior to the final filtration the Buchner funnel
and the filter flask were rinsed with concentrated hydro-
chloric acid. The final concentrated hydrochloric acid
solution was clear light yellow. However, at the air-
liquid interface brown discoloration was always present.
The discoloration increased with time and stirring. Be-
cause of its presence, purification beyond three precipi=-
tations availed only the loss of the cuprous chloride,

(iv) Upon drying with liquld nitrogen for approxi=-
mately 22 hours the surface of the precipitate was discolor=-
ed with green to brown markings. However, in the présence
of air this discoloration disappeared in about 2 minutes
leaving a pure white surface and, upon evacuation, would
not reappear. In collecting the sample the surface was
scraped off the hard mass of cuprous chloride in order to
remove the discolorations. Before use the precipitate was
powdered with a mortar and pestle. The yleld of a purified
material depended upon the condition of the starting material,
The yields were usually low (1L percent) because of the

practices mentioned above. When white cuprous chloride
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was available from previous purifications only two pre~
cipitations were made when the discoloration of the initial
hydrochloric acid solution was slight,

(v) The method of drying the collected precipitate
- with ordinary anhydrous ethanol and ethyl ether followed
by evacuation (13, 30) gave unreliable results possibly
because the solvents were not anhydrous. This method of
drying usually produced a blue sample. The same result
was obtained when the sample was dried in the high vacuum

system without the liquid air condenser,

Cuprous Sromide. The purification of cuprous bromide

was very similar to that of cuprous chloride. Reagent

grade cuprcous bromide (blue-white) was dissolved in

reagent grade L8 percent hydrobromic acid. The solutions
formed varied in color from a dark opague purple to a clear
purple as the sample increased in purity after the precipit-
ations. The samples collected by decantation and centri-
fugation were pure whlte. The final precipitatlon and drying
of the collected sample was achieved in darkness as this
method seemed to give rise to the whitest cuprous bromide.
The discoloration of the surface of the dried material was
similar in its color and behavior to that of the cuprous
chloride. The final yields of the cuprous bromide were also
low. However, more often than not, the dried cuprous brom=-
ide was not pure white but was tinted a very light blue.

Moreover upon introduction of a powdered sample of cuprous
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. bromide into a high vacuum system the blue color was replaced
by a ver& light yellow one in one=half hour. This effect was
not ncticed for the cuprous chloride samples,

A_sealed ampoule containing a purple solution of cup=~
rous bromide in hydrobromic acid and reagent grade copper
pellets became colorless in three days,

Cuprous Iodide. The preparation of cuprous iodide

followed essentially that given by Hammock and Swift (31).
The color of the final product was buff. Attempts to pre-
pare white cuprous iodide with hydriodic acid as above
were unsuccessful. The cuprous iodide was stored in an
evacuated desiccator and removed as needed.

Stability of the Cuprous Chloride and Cuprous Bromide.

Only pure, freshly prepared, cuprous chloride and cuprous
bromide give clear solutions when dissolved in excess pure
alkyne. These cuprous halides, when they had been exposed
to the atmosphere after purification as much as four hours
dissolve in pure alkyne in the absence of air to produce
filmy white precipitates in small quantities, which in about
a week's time were transformed to denser green precipitates,
Pure cuprous chloride and cuprous bromide which had been
stored in an evacuated system immediately after exposure
to air gave similar cloudy solutions in some cases,

Although the contamination would not be serious for the
purposes of many of the experiments to be described it was

conglidered that the uncertain nature of the contaminant
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' rendered it undesirable.. For this reason, unless stated
to the éontrary,-it 1s to be assumed that all cuprous
chloride and cuprous bromide used was freshly prepared
as described above and removed from the presence of air
within an hour's time.

For purposes of manipulation it was necessary in some
cases to grind the dried cuprous halide. Powdered samples
of pure materisl gave clear solutions when dissolved in the
pure alkynes immediately after grinding. Ground samples,
however, are less stable in alr than the unground cuprous
halides,

Table L4 11sts the increase in weight and the change of
color of two gréund cuprous chloride samples in the presence
of air as a function of time. The samples were stored in
welighing bottles benesth inverted beakers and were exposed
to indirect lighting, As might be expected the change in
weight was not a sensitive test for the presence of small
amounts of contaminants due to the oxidation of the samples.
Although only a white sample of cuprous chloride was con-
sidered pure, the color alone was evidently not a sensitive

criterion of purity.
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D. GENERAL PROPERTIES OF THE CUPROUS HALIDE-ALKYNE COMPLEXES.

Preparation. Cuprous chloride and cuprous bromlde
readily dissolve in excess liquid alkynes (2-butyne,
2-pentyne, and 3-he;yne) exothermically to form clear
colorless solutions. If sufficient cuprous halide is
present clear colorless crystals appear upon warming the
solutions to about 35° and allowing to stand at 0° for an
hour. The 2-pentyne complexes are occasionally somewhat
more difficult to crystallize. ‘The solubility of the
crystalline complexes in the 1iquid alkyne increases with
the temperature in the range 0°to 30°, Addition complexes
containing cuprous ifodide and an alkyne have not been ob-
served. The solubility of cuprous 1odide in the alkynes
studied appears to be very slight.

Experimental, Under alrfree conditions nine ampoules

were sealed at low temperatures; each contained a differ-
ent combination of 1-2 ml. of alkyne (2-butyne, 2-pentyne,

or 3-hexyne) and sufficient cuprous halide (cuprous chloride,
white; cuprous bromide, white; or cuprous iodide, buff) to
form crystalline complexes at room temperature. In each
case the liquid was clear and colorless. Cuprous chloride
and cuprous bromide formed clear colorless crystals with
each alkyne. However, no crystals were observed in any
ampoule containing cuprous iodide, even though the ampoule
was shaken at 0° for two days and allowed to stand at -78°

for five days (2-butyne freezes at =-32°)., Nevertheless
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the cuprous iodide in the ampoule containing 2-pentyne
underwent at amblent temperatures a gradual lightening

of color during the passage of a year to a much lighter

buff.

Stability of the Crystalline Complexes, Like a

crystalline hydrate loosing its water of crystallization
at constant temperature these molecular complex crystals
effloresce when the pressure of the alkyne falls below

a certain value.} In the absence of air the alkyne can

be recovered quantitatively from both the crystalline
complex and the solutlon leaving behind the pure cuprous
halide. The dissoclation of the solid complexes into
their molecular components occurs with such extreme ease
in the cases most intensively studied that normal methods
of manipulation are precluded. The study of the complexes
is further complicated in the presence of air, since the
finely divided cuprous halide is easily oxidized and the
liquid alkyne is converted after a period of time into
peroxide, Attempts to isolate the solid complexes in the
presence of air results in a dull white, or yellow, opaque
mass quite different in appearance from the clear, color-
less, crystalline complex.

In the attempted storage of the dry cuprous bromidee
3~-hexyne complex in a stoppered test tube, a different
type of decomposition occurred. Within 36 hours three
brown spots containing some liquid had developed, appar-

ently nucleated at the storage vesasel wall. Transference
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of some uncontaminated complex to another clean storage
vessel’was accompanied in a similar period of time with
the appearance of other nuclel of decomposition at the
wall of the new vessel. Hence, it was apparent early
in the study that high vacuum techniques of manipulation
of materials would be advantageous.

Stability of the Complexes in various Solvents. The

crystalline complexes may be dissolved in and recrystall-
ized from mixtures of pure alkyne with carbon tetrachlor-
ide, heptane, or ether. However, the pure solvents (un-
mixed with alkyne) readily destroy the complexes leaving
most of the cuprous halide undissolved. If cuprous
chloride or cuprous bromide is shaken with one of the
mixtures mentioned above in sufficient quantities, the
complex is precipitated or can be crystallized from the
solution at lower temperatures. Similarly the complex
can be formed in the presence of water. However, the
slow oxidation of the cuprous halide in the aqueous phase
brings about the ultimate destruction of the complex when
air is not excluded from the system.

Stability of the Complexes at High Temperatures. When

a sealed ampoule containing the crystalline complex in the
presence of sufficient alkyne saturated with a complex is
warmed above room temperature the crystalline complex

dissolves to form a clear solution. However, at a higher
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»temperature'a whitei precipitate which appears clear under
magnification (x10) is formed. The temperatures at which
.this occufs depend upon the system. For the cuprous
chloride 3=-hexyne system this precipitate is present at
about U4li® and 1s present in all six systems mentioned
above at 100°. In the cuprous chloride 2-butyne and the
cuproﬁs chloride 2-pentyne systems the amount of pre=-
cipitate present at 100° gradually increases during the
first one-~half hour. ‘hen these precipitates are isoclated
they are found to be masses of clear crystals with poorly
developed faces stable at high temperatures (320°) and

low pressures. Since these precipitates redissolve at
room temperature to give molecular addition complexes the
precipitates are considered to be the original cuprous
halides. Qualitative experiments lead the author to believe
that even at 100° cuprous chloride and cuprous bromide are

soluble to an appreciable extent in the three alkynés.

# In certain cases (2 ampoules containing cuprous chloride
and 2-butyne and 2 ampoules containing cuprous chloride and
2-pentyne) the precipitate at 100° was not a white solid but
a clear orange~to~red solid. These colored crystals were in
all other aspects similar to the white solid. Thelr occur-
rence was rather striking since the solutions were colorless
before and after their formation. ihen the ampoules were
cooled, the red crystalline precipitates dissolved to give
colorless solutions. Except in one case (an ampoule con-
taining cuprous chloride and 2-pentyne) the solutions were
clear and free of foreign matter. In the excepted case a
filmy green precipitate, indicative of cupric compounds,

was present In very small quantities.
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Reaction of Dissolved Complexes with Metallic Zinc. Nine

ampoules were prepared as above and sealed at low tempera-
bures. In addition to the normal content, however, each con-
tained a bright lein. strip of reagent grade metallic zlnc.
When allowed to warm to room temperature the solutions of
cuprous chloride and cuprous bromide, saturated and unsatu-
rated with respect to the crystalline complex, immediately
plated strips of metallic zine with heavy coats of copper.
Mixtures of cuprbus iodide with the alkynes were much less
active in the substitutlon reactlon. The distinction be-
tween cuprous iodide and cuprous chloride and cuprous bro=
mide is brought out in Table 5 where the appearance of the
zinc strip ls indicated as a function of time. The reac-
tions for the changes of color of the cuprous iodide are
not understood in terms of the simple structural picture
for the different alkynes. All solutions and crystalline
complexes remained colorless in the presence of the zinc
strips.

Conductivity of Concentrated Solutions. Concentrated

solutions of cuprous chloride and cuprous bromide in the
various systems studied are assumed to be non-conducting
at room temperature; however, attempts to measure the con-
ductivity were made for only one system, cuprous chloride
dissolved in 3<hexyne. That other solutions are non-con-
ducting is surmised from their similaritles to the cup-

rous chloride 3~hexyne solution. It was considered
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Table 5

Plating of Zinc Strip under Oxygen free Conditions.

Cuprous Chloride

1/2 hr. 1 day L, days 1 year
2-Butyne 12 H H H
2=Pentyne P M M
3=~Hexyne 1° H

Cuprous Bromide

2«Butyne I,V H V H _ VH
2~Pentyne I H H
3-Hexyne L H V H

Cuprous Iodide

2-Butyne I, VL L L®
2-Pentyne none S gl
3-Hexyne none none _none

I, immediate plating; V H, very heavily plated; H, heavily
plated; M, medium plating; L, lightly plated; S, slightly
plated, edges only; 2 zinc strip plated before all alkyne
had melted; b chips of copper plate are present in solution;
¢ cuprous lodide is a light buff color; d cuprous fodide

is white,
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.desirable to measure the conductivity of these solutions
in view of the ease with which zinec replaces copper in
solution.

Sxperimental Details. 3-Hexyne (7.28 g.) freshly

treated with sodium, was distilled into an ampoule con=-
taining 2.13 g. of cuprous chloride. The ampoule was
sealed and the cuprous chloride dissolved to form a 26 mole
percent solution# of cuprous chloride. The conductivity
cell, cleaned and dried, was filled with alkyne solutlon
and placed in a constant temperature bath at 25.00. The
bright platinum electrodes were approximately 1 cm. sguare
and were placed 1 cm, apart. A student setup equipped
with high frequency alternating current and ear phones

was used.## The resistance of the solution in the cell

was beyond the range of the apparatus: it was also beyond

# The solution, while clear, was tinted a light pink. This
color was often observed in solutions at the beginning of
the investigation and 1s believed to be due to the presence
of an impurity in the cuprous halides. After the methods of
cuprous halide purification had been established the appear-
eances of the pink solutions were of rare occurrence., It is
interesting to note that when these colored solutions are
cooled below 0° the color disappears and reappears upon
warming to room temperature. Apparently this phenomenon

is reversible as it may be repeated as often as desired.

The color is not removed by filtration or by centrifugation
with a clinical centrifuge. It has been observed under a
variety of conditions, usually in the presence of oxygen.

#+ This experiment was performed with the aid and friendly
interest of Professor Badger.
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the range of a "Simpson" test meter. The connections of the
cell were intact since a 0.1 molar potassium chloride solu=-
tion was found to be conducting before and after the ex-~
periment.

Notes on the Individual System. Detailed information

about the addition complexes will be listed by the system
after experimental details have been mentloned.

Experimental Details. Photomicrographs of the

crystalline complexes mentioned above had been taken.

The latersl magnification of the photomicrographs given

here is 100. Some of the crystals were photographed in
ampoules. Others were photographed in the presence of their
mother liquor contained in a deep cylindrical well of a
1/li~in, thick microscope slide. Loss of alkyne by evapora-
tion was minimized by a glass cover over the well,

The photomicrographs were taken with a Zeiss "Ikon"
camera (Nr, 16765). The film used was Xodak "Portrailt
Panchromabtic”, 9 x 12 cm.. The exposure time was approxi-
mately 1.5 sec..

The ordinary method of determining the melting or de-
composition point of crystalline materisals are inapplicable.
Reproducible melting and decompoesition points can be made
with the apparatus shown in Fig. 2. These melting point
tubes were constructed from 9-mm. tubing and a 15-ml. pyrex
test tube drawn out to form a thin walled capillary 1 mm.
in dlameter.

The crystals were prepared in the capillary as follows:
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about 0.3 ge. of'inorganic constituent was placed in the test
tube section by means of a long stem funnel. The apparabtus
was then attached to the vacuum system end the alkyne (0.5~
1.0 ml.) distilled into bulb "B". After the melting point
apparatus had been sealed and the jolnt removed the alkyne
was allowed to react with the metal salt in the test tube
section of the apparatus. The excess pure alkyne was then
distilled into "B" while the temperature difference between
the capillary and "B" was carefully controlled so that dry
but undecomposed crystals were in the capillary. The capillar-
y was then introduced into a melting polnt bath and the bulb
"B" placed in a constant temperature bath. The temperature
of the melting point bath was increased at the rate of 0.3°
per min. and the effects noted. The temperature of "B" was
recorded.

System; Cuprous Chloride 2=-Butyne. Clear flat plates of

the cuprous chloride-2-butyne complex can be grown from

solution by evaporation of the alkyne. Two crystalline forms
have been observed, parallelograms and rectangular plates.

The tabular nature of the observed crystals has probably been
exaggerated by the presence of the surfaces of the mother
liquor and the container. Both habit modifications extin-

guish between crossed Nicol prisms when the long edge of

the crystalline plates is parallel to the electric vector.
Fig. 12 shows a photomicrograph of a crystal of the

cuprous chloride-2-butyne complex in the presence of its

mother liquor. Multiple growth layers of different thick-

nesses are evident (32). These layers are in the form of
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closed loops. The smallest step height visible would
correspbnd to a dislocation (or dislocatiéns) of multiple
strength, since the largest unit cell dimension of this
complex is 13.00 A (see page 186). The identity of the
face parallel to theifilm is uncertain, but it.is certain-
1y of a form (hol) since the crystal is monoclinic. If
the dislocation (or dislocations) was parallel to the
n-glide and perpendicular to the crystal face then the
latter would be identified as the (101) face. Growth
layers were not observed for crystalline complexes of
other compositions.

When the glass cover of the well was removed and
the mother liquor allowed to evaporgte_the crystalline
complex began to decompose. Fig. 13 shows the same crystal
in Fig, 12 20 sec. after the well cover was removed. The
dark areas are cuprous chloride from the decomposed complex.
A needle like modification of the cuprous chloride-2-butyne
complex hes been observed in an apparatus like Fig., 2, in
which some charring took place when it was sealed. An
x-ray examination showed that they had the same cell size
and space group as the tabular crystals,

The dry cryspalline complex is stable unt;l the
temperature 1s 69.50 when bulb "B" of the melting point
spparatus 1s at 25,00, At 69.5° the small poorly-formed
erystals show evidence of decomposition. The well-formed
crystals began to.decompose at 70.2° and the entire

crystalline mass was opaque at 71.49°,



Fig. 12, Cuprous chloride=-2=butyne crystalline complex
in the presence of mother liquor (well, x100).

Fig., 13. The same cuprous chloride-2=-butyne crystel as in
Fig. 12 after 20 sec. decomposition time (well, x100),
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System; Cuproqg Bromide-2=-Butyne. The crystalline

complex of this system has been observed only in the
acicular habit as indicated in Fig, 1l;.. These needle
like cryétals extinguish between crossed Nicol prisms
when the needle axis.is parallel to the electric vector.

Decomposition of the cuprous bromide-z-butyne
crystals takes place in the range 54.8-55.0° when "B" is
at 25.0°. At 55.4° decomposition 1s nearly complete.

System;_Cuprous Chloride-2-Pentyne. Solutions of

cuprous chloride in 2«pentyne easily dissociate into the
inorgenic constituent and the alkyne without the formation
of the crystalline complex. In sealed ampoules the
crystalline complex is readily prepared from solution
at 25° when the solution is alternately chilled at a
low temperature and allowed to warm to room temperature
until the crystalline complex is observed., Large poorly
defined crystalline masses consisting of relatively few
single crystals develop when the ampoule is allowed to
remain at amblent temperatures for long periods of time,
Fige 15 shows part of a single crystal grown in an ampoule,
The symmetry of the somewhat tabular crystal was that of
Fig. 16, Columnar crystals, which extinguish between Nicol
prisms parallel to their axis develop upon slow evaporation
of the excess alkyne.

When the capillary end of the melting point apparatus
is introduced intc the melting point bath at 29° and when



148

Fig. 1. Cuprous bromide-2-butyne crystalline complex
in the presence of mother liquor (well, x100).

A

Fis. 160

Fig. 15. Cuprous chloride-2-pentyne
crystal, mother liquor (ampoule, x100).
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bul® "B" is pléced in the constant temperature bath at
25°% and the temperature of the melting point bath slowly
-increased, the following 1s observed:

(1) a small part of the dry crystalline mass dissolves
in alkyne condensed from the gaseous“phase;

(11) in the temperature range 33.8=35,6° the remaining
crystalline complex melts or dissolves forming a colorless
l1iquid in the capillary; |

(111) at L47° a white solid begins to precipitate from
the solution;

(iv) the precipitate increases in its rate of develop=-
ment until 56.6° when the liquid begins to'evaporate leaving
behind a white solid on the capillary walls,

As in the rest of the melting point determinations with
the apparatus in Fig. 2, the above phenomena are reproducible
with the exception of the temperature at which a precipitate
is first formed from solution. The exception is to be expect-
ed, however, as supersaturation may be anticipated in such
situations.

Systems Cuprous Bromide 2=Pentyne. The acicular crystals

of the cuprous bromide-2epentyne complex are easily grown in
a manner similar to that described for the growth of the
cuprous chloride=2-pentyne complex. These crystals extin-
gulsh between crossed Nicol prisms parallel to their needle

axis. They are stable at room temperature.

When the bulb "B" is at 25° the dry crystalline complex
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Fige 17 Cuprous chloride-3-hexyne complex crystals,
mother liquor (well, x100).

Fig., 18. Cuprous chloride-3=hexyne complex crystals,
mother liquor (well, x100).
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in the capillary at 25° begins to dissolve, at 27°, how=
ever, fhe excess alkyne distills off and at 35° only the
dry erystalline mass remains. At 35,8° a subtile change
is observed in the crystalline mass, This change, a dark-
ening to a very light brown is followed at hh;So by the
obvious decomposition of the cpmplex.

System; Cuprous Chloride 3-Hexyne. The crystalline

complex of this system is easily grown from solution to

form the extreme acicular erystals shown in Fig. 17. Upon
standing in the presence of their mother liquor, the cryst-
als develop a more columnar habit (Fig. 18) which extinguish-
es between crossed Nicol prisms parallel to the long axis.

When the vapor pressure of 3~hexyne above the crystals
is decrsased below a certain value, the crystalline complex
often dissoclates in i1solated regions in contrast to the
general areas of dissociation exhibited by the cuprous
chloride~2-pentyne, cuprous bromide=2-pentyne, and cuprous
bromide-2=butyne complexes and in contrast to the general
areas usually but not always shown by the cuprous chloride=
2«butyne complex (Fig. 13).

The nucleated dissociation of the cuprous chloride-
3=hexyne complex is clearly 1llustrated in Fig. 19, 20, 21,
22, and 23, Fig, 19 shows a large single crystal in the
presence of other crystalline masses and some mother liquor.
The glass slide covering the well was removed and the excess

alkyne allowed to evaporate. After 5 sec. the cover was
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Fig. 19. Cuprous chloride-3<hexyne crystalline complex,
some mother liquor (well, x100).

Fig. 20. Cuprous chloride=3-hexyne crystalline complex,
no mother liquor, decomposition time, 5 sec, (well, x100).
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Fig. 21. Cuprous chloride-3-hexyne crystalline complex,
decomposition time, 10 sec. (well, x100).

Fig, 22. Cuprous chloride-3-hexyne crystalline complex,
decomposition time, 15 sec. (well, x100).
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Fig. 23, Cuprous chloride=3-hexyne ecrystalline complex,
decomposition time, 20 sec. (well, x100),.

replaced and the photomicrograph Fig, 20 was taken. The
total time the cover was off is designated as the "decompos=
ition time". In Fig, 21 for example, the cover was removed
twice for approximately 5 sec., hence the "decomposition time"
was 10 sec.. The black deposit demarking the area of the
nucleation shown in the photomicrographs is actually white
opaque cuprous chloride. The symmetry (p 2) of the decompos=-
ition area is that of the crystalline face but this area is
more symmetrical in its dimensions. Well defined nucleated
decomposition for addition complexes of other systems has
not been observed.

When the dry crystalline cuprous chloride-3-hexyne
complex in the capillary of the melting point apparatus 1is

introduced into the melting point bath at 28° and when "B"
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is at ?50 the crystals start dissolving in alkyne con-
densed from the gaseous phase. At 0° the remaining
-crystalline mass begins to melt or dissolve rapidly and
at hO.éd only liquid remains. Well formed crystals of
cuprous chloride'aré precipitated from the solution at
4,80,

System; Cuprous Bromide 3-Hexyne. As Fig. 24 and 25

show the crystals of the cuprous bromide-3-hexyne complex
grown from solution are very similar to the chloride ana-
logue. The acicular crystals of the cuprous bromide-=3-
hexyne complex are soft and may be bent in some case
through large angles (30°) without sign or fracture.

In ampoules long single crystals have been observed;

one exceptional crystal measured 3,5 cm..

When bulb "B" is at 25° the dry cuprous bromide=3=-
hexyne crystalline complex decomposes when the melting
point bvath is at hh.B-hu.ho. On a Kofler micro hot'stage
decomposition of a single crystal under a drop of glycerol
occurred at hSO. This latter method, however, is tedious

to standardize and is undependable.



56

Fig. 2. Cuprous bromide-3-hexyne complex crystals,
mother liquor (well, x100),

Fig. 25. Cuprous bromide-3-hexyne complex crystals,
no mother liquor, decomposition time, 10 sec. (well,

x100).
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E. NOTATION.

The author will use the following notation in the

thesis,

A activity; coefficlent of an equation

& unit cell dimensicn

B coefficlient of an empirical equation

b unit cell dimension

c the ratio in the crystalline complex of the
weight of ligand to the weight of cuprous halide;
coefficient of an empirical equation

C integration constant

e unit cell dimension

CuT total weight of cuprous halide in a system

dc density of crystalline complex

Cest, an estimated dc
CH. V. a d, calculated from the molecular volumes of the

pure components assuming that they are additive

dcsoln. & d, calculated from the composition and density
of a solution

ds density of a saturated solution

E extinction coefficient

h partial molar enthalpy

A hDis. heat of dissociation of one mole of crystalline
complex to gaseous ligand at pressure P, and solid
inorganic constituent

thfus. heat of fusion of one mole of solute

A hy, heat of dissociatlion of one mole of crystalline



Ah

N/ ¥t

AP

Pt

Cex,

Pccalo
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complex to the ligquid ligand at one atmosphere
and the solid inorganic constituent
heat of reaction for one mole of cuprous
bromide-ligand compléx plus one mole of cuprous
chloride to form one mole of the chloride complex
plus one mole of cuprous bromide
heat of solution of one mole of solute
heat of vaporization of one mole of ligand
the dissoclation constant
path length of optical cell
the ratio of moles of ligand to moles of
Inorgenic constituent in an isolated system
the ratio of moles of ligand in the non=-gaseous
phases to moles of inorganic constituent present
a number indicating the 'average'! amount of
association of solute in solution (N=z2 for a
solute which is completely dimerized)
a rough measure of the degree of associatlion
of a solute, see N and X!
a Vapor pressure
a pressure difference, either Py, - P or P, ~ P4
a8 dissociation vapor pressure
& pressure suspected to be P,
an experimental Pc

a calculated PC

the decomposition vapor pressure of a crystalline

complex, defined by Py = Pp = P,
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Pé ‘ the decomposition vapor pressure of a crystalline
complex, defined by Pj - P, = Pg

'Pin. the initial pressure

Py the vapor preséure of the pure ligand

PR. the pressure at which the dissociation vapor

pressures of two complexes, in equilibrium with
the same ligand but containing different inorganic
constituent, are equal

Pg the vapor pressure of a saturated solution

S the ratio in the liquid phase of the weight of
ligand to the weight of inorganic constituent

8 partial molar entropy

A spyg, entropy change corresponding to A hps g,

A s entropy change corresponding to A hy

A 8g entropy change corresponding to lth

T absolute temperature

Td temperature corresponding to Pd

Té temperature corresponding to Pé

Tm temperature at which Ps passes through a maximum
TR temperature corresponding to Py

Un alkyne, unsaturated hydrocarbon

Ung the total weight of alkyne in a system

v partial molar volume

L the total weight of the complex crystalline phase
W the total welight of the complex crystalline phase

and the liquid (ligand) phase

x mole fraction
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‘the mole fraction of the solvent

the mole fraction of the solute

a crystalline phase

a crystalline phase; angle between a and ¢ in
monoclinic unit cell

ectivity coefficient

an artificial ‘average! activity coefficient

the fugacity of an unsaturated compound

molar free energy (chemical potential

chemical potential change corresponding to AhDis.
chemical potential change corresponding to Ahp

chemical potential change corresponding to AhR

summation symbol

common logarithm

natural logarithm

total differential

partial differential,

symbol indicating excess of value of a function

of a state in final over initial state

Superscripts denote: g, gaseous phase; 1, liquid phase;

8, solid phase; 3, puré liquid phase,

Subscripts denote: ¢, crystalline complex; cal., calcu-

lated; ex., experimental; in., initial; h, solvent; max.,

optical properties associated with most intense absorption

peak; S, solute; s, saturated solution; Un, unsaturated

hydrocarbon (ligand).
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F. VAPOR PRESSURE MEASUREMENTS OF THREE PURE ALKYNES.

The vapor pressure over the pure liquids, 2«butyne,
2-pentyne, and 3-hexyne, was determined as a function
of temperature from 3° to 280 at intervals of epproxim-
ately 1.5°.

Experimental Details. The vapor pressuré:of the three

liquids were determined simnltaneously in constant temper-
ature bath No. 2, described on page 9. The reaction flask
(type No. 1, page 23) had in each case been degassed and
flamed out from time to time over a period of ten days.

The liquid surfaces of the alkynes were broken by the
vibrating action of the glass enclosed mites, actuated by
the underwater magnetic stirrer, (see page 10) placed at

the edge of the reaction flask. The inside diameter of

the manometers joined to the reaction flasks were 1l - 16 mm..
The thermometer used with the bath could be read (with a
telescope) with a precision of 10.01°. The thermometer

was calibrated in the temperature range mentioned above at
fifteen places by comparison with a certified N.B.S, thermo-
meter. Stem corrections were applied. In order to cal-
culate the reduced pressure in mm. of Hg at 0° from the
measured pressure it was assumed that the temperature of

the mercury in the manometers was that of the thermometer
(accurate to within 70,1°) strapped to the outside of one

of the columns of mercury. Each measurement was taken as

the average of at least two readings.
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Ip each case 10-12 ml, of alkyne was distilled into
the equilibration flask for the vapor pressure measurements.
After approximately 35 measurements were made, nearly 50
percent of the alkyne was distilled at 5.0 0.1° to a re-
ceiver cooled in an ice-water mixture. Then approximately
30 additional measurements were made,

The source of the alkynes used in these measurements
were portions of purified samples from previously unopened
containers supplied by Farchan Research Laboratories. All
distillations were carried out as described on page 27,
2-butyne; page 28, 2-pentyne; or page 28, 3-hexyne,

2-Butyne. This alkyne (103 g.) was distilled through a
35-cm. Vigreux column from sodium. The second fraction of
the distilled material (68 g.) was then transferred under
nitrogen to a L0-cm. helix packed column and redistilled.
The second fraction was again collected and transferred
to a high vacuum apparatus under nitrogen. The phyéical
constants for 2-butyne were; second fraction Vigreux column,
bepe 26.7°(746 mm.); n25D 1,3890: second fraction helix
packed column, b.p. 26.8° (748 mm.); n25D 1.3890. The re~
distilled 2=butyne was then degassed, distilled once from
a dry ice-acetone bath to a liquid nitrogen cooled re=-
ceiver and treated three times with freshly cut sodium
at reduced pressures for short periods of time (ca. 5 min.)
at 0° in a manner described on page 27. No reaction with

sodium was observed. Physical constants: n25D 1.3889;
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425 0,6857 Lit.: bep. 26.99°(760 mm.); n2°D 1,3893;
425 0.6856 (33): bup. 26.97° (760 mn.)s; n2°D 1,3918;
420 0,6906 (3L4).

2-Pentyne. When eighty five grams of 2-pentyne were
treated with freshly cut sodium under reduced pressure
some action was observed to take place, but the residue
after vacuum distillation of the 2«pentyne was practically
negligible. The recovered alkyne was then distilled under
nitrogen once through the 35~cm. Vigreux column and twice
through the helix packed column. The physical characterist-
1cs of the successive second fractions were b.p. 55.1-55.3°
(740 mm.)s n°5D 1.400k; 64 get bepe 5543-55.4(7U1 mm. );
025D 1.400535 Ll go: bep. 55.4 (742 mm.); n25D 1.4005. The
purified 2-pentyne was transferred to the high vacuum
apparatus and degassed, then 1t was distilled from dry
ice~acetone bath to a liquid nitrogen cooled receliver,
The collected alkyne showed the presence of a small amount
of a filmy white solid at =78°. The distillation from the
dry ice-acetone bath was repeated. The alkyne was then
treated with freshly cut sodium five times in a manner
like that described above for 2-butyne. Some reaction was
observed to take place during the first two treatments,
No indication of a solid at «78° was present after the
final treatment with sodium. Physical constants; n25D
1.4005; 425 0.7055. Lit: bep. 56.07°(760 mm.); n25D 1.4009;
25 0,7055 (33): bup. 56.12(760 mm.)s n2°D 1.40336; 420
0.71040(3h).
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3-Hexyne. This alkyne, as obtained from Farchan
Researéh Laboratories, showed a slight amount of white
'solid at =780, Ninety grams of the alkyne were distilled
under nitrogen through the 35-cm. Vigreux column. The
second fraction of this distillation was then redistilled
through the Vigreux column under nitrogen and finally
through the L4O-cm. helix packed column. The physical
characteristics of the successive collectgd fractions
were beps 80.2-80,7°(748 mm.); n25D 1.4090; 78.5 ge¢
beps 80,60(746 mm.); n25D 1.408955 63 g.t bup. 80.6°
(7h7 rm. ) n25D 1,4090. The last collected sample was
transferred under nitrogen to the high vacuum apparatus
and degassed. The purified 3-hexyne was then treated
three times with freshly cut sodium but showed no reaction.
At «78° no solid was present. The physical characteristics
are: n25D 1.4,090; 425 0.7185. Lit: b.p. 81.43°; n®’p
141125 a20 0.7226 (34): bep. B80,5-80,6°(7L46 mm.); n25D
1.4090; 425 0.7185 (35).

The infrared spectra of the 3-alkynes were recorded
in carbon tetrachloride in a lemm, scdium chloride cell
at the following concentrations in weight percent:
o=butyne, 1.06; 2-pentyne, 1.86; 3-hexyne, 1.16.

Discussion of Results. The author hoped that by ob-

taining the vapor pressure data at small temperature inter-

vals it would be possible to fit the data by the method
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of least squares to curves of the form of eq. 1, where A,

B, and C £ 0,

log Py = A/T+B log T+C (1)

If the data could be reduced ﬁo the form of eq. 1
then some confldence in an extrapolated value of Pgg.q.
would be justified. The solution of the normal equations
yields (in the case of each alkyne) a determinant which
is very near to zeroj this indicates that the normal
equations are not independent, (i.e. that 4, B, or C
should be equated to zero).

Accordingly the vapor pressure data were fitted to
curves of the form eq. 2. The results for each alkyne

log P, = A/T+C (2)

will be discussed separately.

2-Butyne. The work of G.B. Heisig and H.M, Davis (36)
on the vapor pressure of 2-butyne can be favorably cémpared
with the data presented here. They determined the vapor
pressure from =329 to 25° at intervals of approximately
50 and fitted (in a manner unstated) their data to a curve
of the form eq. 1. Thelr constants A, B, and C are summar-
ized in Table 6 with the constants A and C of the three
alkynes investigated here; the mean deviation and the maxim=-
um deviation and its associated temperature are also given.

When the mean deviation of the author's experimental values
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from the empirical curve given by G. B, Heisig and Davis
for 24butyne was calculated it was found to be 1,2 mm.,
~which is less than the sum (l.4 mm.) of the mean deviation
of the two independent studies. The present study can be
visuélly cdmpared with the work of the previous investiga-
tors in Fig. 26. 1In Table 7 where the experimental vapor
pressure, Poex. is compared with the value P°cal. calculated
from the equatlon obtalned by the method of least squares it
can be pointed out that In every measurement where P, >

cal,

Poex the temperature is either greater than 21.26° or less

than 6,06°, 1In all other cases Pogy, 1S greater than Pg .. .
This observation leads one to believe that if a term of the
form B log T was introcduced, the mean deviation (0.8 mm.)
might be substantially reduced. The heat of vaporization

for 2-butyne as calculated from A (eq. 2, Table &) determined
in the present study is Lshvap. = 6,67 Kcal/mole « The A
term in the equation given by Helsig and Davis does not give
a suitable value (9.38 Kcal/mole ) for comparison. However,
when the values as calculated from the curve given by the
above mentioned authors was fitted between 3° and 28° by the
methods of least squares to a curve of the form of eq. 2 then
the heat of vaporlization was found to be 6.68 Kcal/mole .

The boiling point at 760 mm. calculated with eq. 2 from the
present data is 26.93°, No appreciable effect of fraction-

ation was observed when 50 percent of the alkyne was dis=-

tilled from the equilibration flask.
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2=Pentyne. In contrast to the above case 2-pentyne
showed definite fractionation when about half of the alkyne
was distilled from the equilibration flask. This was evie
dent when a least squares treatment of all the data gave

P < PP and P > ng where the superscripts b and a

cal. ex. cal. .
denote, respectlively, before distlllation and after distil-
lation. The mean deviation of the vapof pressure from the
calculated curve was 0.8 mm.. This could be reduced to
0¢3° mm. and 0.L4® mm. 1f the data were treated as two
groups, i.e. sz. and Pix.’ Data for comparing Pex.
with Pcal. for 2-pentyne is correspondingly divided into
two sections. Tables 8 and 9, Fig. 27, demonstrates the
clear delineation of the data into these groups. The heat
of vaporization and the extrapolated boiling points for
these two curves are [shsap. = 7.61 Kcal/mole , 5.70° and
A hsap. = 7.6l Kcal/mole , 54.0°. This can be compared
with 57.12° as given by N.B.S. (3l4) as the boiling point
of 2epentyne. When the remalning distillate was frozen
at the end of the vapor pressure measurements a white filmy
solid was apparent. The elapsed time between the final
purification of the alkyne and the distillation that re-
sulted in fractionation was 35 days. It is not known if
the alkyne which was purified was a constant boiling mix-
ture or if rearrangement gave rise to a different unsaturated

hydrocarbon. Rearrangement of alkynes under storage con-

ditions 1s well known. 2-Butyne demonstrated fractionation
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upon distillation after nine months in storage (in contact
with mercury). The equation which will be assumed correct
for the purposes of this thesis will be that which describes
PB as a function of tempefature.
3-Hexyne. Upon removal of about one-half of the total

3~hexyne by distillation, fractionation did not occur to

any appreciable extent. In fact Pi was greater than
€Xe
PP on the average to the extent of about 0.1 mm.; al-

ocalo
though the direction of this deviation was persistent it

was well within the maximum expected error of O, rm.. The
average deviation (0.25 mm.) of the experimental values from
the calculated values indicate that the expected error may
be 0.1 mm. too large. The heat of vaporization and the
extrapolated boiling point were calculated to be 8.5l Kecal/
mole and 78.3° respectively. Deviations of the extra-

polated P, from the observed values of Bried and Hennion

cal.
(37) were large, for example 846 and 7hli mm. at 81.50°,

66l and 600 mm., at 7h.5°, and 260 and 2l mm. at 50°,

These deviations are doubtless due in large measure to the
neglect of heat capacity effects and should, therefore, be
expected. The heat of vaporization of 3-~hexyne as calculated
from the data of Bried and Hennion 1s corresponding somewhat
lower (i.e., ca. 82 Kcal/mole), The experimental data are

listed in Table 10 and compared with the vapor pressures as

calculated from the least squares treatment.
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Iwo sources of Error. Possible sources of error not as

yet'described are the two following:

(1) Room température changes were often as much as 8°
in an hour's time. It might well be expected that the
. temperature of the mercury column in the manometers lagged
considerably behind room temperature. This would introduce
a small error in the correction of the pressure to mm. of
Hg at 0°. |

(11) Disturbances observed in other experiments in-
dicated that the bath temperatures may not be constént due
to temporary 1arge changes of temperature in the cooling
water, Consequently even though the bath ﬁgmperatures as
measured were correct the listed hours of equilibration in
Tables 7, 8, 9, and 10 may be much greater than was the

actual case in some experiments,
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Table 7

Vapor Pressure of 2-Butyne,

Equilibration
time
hrs,

16

T
oa.

8.60
8.28
1
L.31

23 12

23.18
23.13
26,31
26,31
26,96
26,95
19.07
19.07

P
Oex.
mm,

369,2
363.2
363.5
306.7
%3
304.6
329.8
375.8
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368.0
362.9
362.7
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Table 7

Vapor Pressure of 2-~Butyne.

Ex. Equilibration

time

hrs.

52 25,6
5@ 5

5 12.0
5 36
57 Sh
% b
9 2
60 28
61 30
62 24
6 38
6 12
65 76

66 18.5

67 17.0
28 28
9 32
70 2l
71 28

(econtinuation).
T oex.
oC, mm,
18.60 554.7
.08 682.7
.79  340.8
9.49  382.7
95%9 382.8
h.63 309.6
h.63 310.2
h.éi 30901
L.6 310.0
2,63 283.6
3.77 298.3
3.79 298.7
3,76  298.L
16,81 516.1
16,84 516,2
16.83 516.1
21.26 614.0
21.29 614.5

P
Ocal.

mm.

553.5
8.2
340.5
381.9
381.8
310.2
310.2

Approacha

Qmaawaeaparaaararrow

8 Tn this column A (above) means approach from a higher
temperature, B (below) means approach from a lower temp-
erature, and C means the temperature was constant.
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Table 8
Vapor Pressure of 2-Pentyne.

(before fractionation),

a
Ex, Equil%z;:tion T_ P°ex. P°cal. _Approach
hrs. °c. nm, m.
1 22 8.56 111.7 112.1 B
2 oy 8.60 112.7 112.) B
lh 8 8.28 110.5 110, A
5 16 8.27 110.6 110, c
7 8 h.39 91.3 91, A
8 15 k.31 90.7 91.0 A
9 17 e 30 91.1 90,9 C
10 2l 2;31 90.8 91,0 c
12 11.3 <06 99.2 99,2 B
iﬁ 10.7 9,06 114.9 114.8 B
' 12.3 9.08 115,0 114.9 c
15 7.3 10,96 124.8 125.7 B
16 10.5 10,96 125,8 125.7 C
17 13.2 10.95 125.7 125.5 c
19 11 13.29 1ho.h 140.3 B
20 23 13.29  1ho.h 140.3 C
21 3.7 15.57 156.2 155.9 B
22 26.7 15,57 156.2 155.9 C
2 17.0 16.36 161.7 161.6 B
2 22 16,36 161.6 161.6 ¢
25 2h.7 16.36 161.9 161.6 C
26 9 18.07 175.0 17h.7 B
27 16 18,08 175.2 17h.8 C
28 17.3 18.07 175.2 17h.7 c
29 8.3 20,51 195,2 194.9 B
30 10.1 20,53 195.3 195.1 c
31 11.1 20,5 195, 2 195.0 c
32 2.2 20.51 195.4 195,0 ¢
gﬁ 27.1 20,5l 195,.3 195.0 c
3l - 27 23.3; 220.8 221.1 B
35 52 23, 220.8 221, c
36 35 23.12 218.2 218, A
37 39 23,13 218.3 218.8 c
38 6 23, 1)5 218,2 218,9 c
39 8 23,1 218.2 218.9 c

2 In this column A (above) means spproach from a higher
temperature, B (below) means approach from a lower temp=
erature, and C means the temperature was constant.
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‘Table 9

Vapor Pressure of 2-Pentyne,

Ex. Equilibration

time
hrs.
Lo 2ly
ha 28
12 2
L7 7.5
L8 11
o 13
51 23
52 2ﬁ'6
5
sl 12
5 36
57 5%
gﬂ
9
2 2
61 30
53
i 12
65 16
66 18.5
67 17.0
28 28.0
9 32
70 2l
71 28

T
Oc.

23.18
23.13
26.31
26,31
26,96
26,95
19,07

21,29

Poex.

mme.

217.0
218,k
248.1
2j8.1
255.3
255,2
181.
181.!
177.9

(after fractionation).

P
ocalo

217.3
216.9
248.9
248

255.9
255.8
181.1
181.1
177.2
177.3
226.0
101.7
115,9

163.

163.7
163.5
199.7
200.0

Approach?

QaauaQuarbaQaaarPaarEpmQwararQuaw

2 Tn this column A {above) means approach from a higher
temperature, B (below) means approach from a lower temper=

ature, and C means the temperature was constant.
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- Table 10

Vapor Pressure of 3-Hexyne.

(continuation).
a
Ex. EQuiligggtion T Poex. Pocal. Approach
hrs. oc, mm, mm,
52 . 25,6 18.60 62.3 62.1 c
53 -k 24.08 81,2 81.5 B
56 3 9.49  39.0 38.6 A
57 51-6; B;gs» 39.1 38.7 c
58 063 29,8 29.6 A
g9 o), Lh.63 29.8 29,6 c
60 2 h;éﬁ 29,9 29,6 ¢
61 30 4.6 29.9 29.7 c
62 2 2,656 26,6 26.5 A
6 3 2.63 26,7 26,5 c
6 12 3.77 28.3 28,2 B
65 76 3.79 28.3 28.3 c
66 18.5 3.76 28.3 28.2 c
67 17 16.81 57. 56.7 B
68 28 16.84 57.1 56.8 c
69 32 16.83 57. 56.8 c
70 2l 21,26 72.1 70.9 B
71 28 21.29 72.0 71.1 c

& In this column A (above) means approach from a higher
temperature, B (below) means approach from & lower temp-
erature, and C means the temperature was constant,
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~G. COMPOSITION OF MOLECULAR ADDITION COMPOUNDS.

For a correct analysis of a molecular addition complex
- no component should be in excess. This condition may be a
difficult one to achieve in the case of a molecular complex
which 1s easily decomposed at the temperature of interest
(6, 12, and 13). A study of the abaorption rate of 3-hexyne
by cuprous chloride near equal molar amounts of the two
components indicated that an absorption method of anslysis
would be inconvenient (see page 113),

Theoretical. Let P be the vapor pressure of alkyne in

contact (but not necessarily in equilibrium) with a cuprous
halide~alkyne crystalline complex, let Py be the equilibrium
vapor pressure of alkyne over a solution saturated with
cuprous halide complex, and let P, be the equilibrium
dissociation vapor pressure in contact with the system:
cuprous halide, cuprous halide~alkyne complex, If P is less
than P, the complex will decompose into its componeﬁts. Such
decomposition is very rapid in the known cases of cuprous
halide-alkyne crystalline complexes (see pages 45 and 49).
Alternately, if P is greatsr than Py then the crystalline
complex may dissolve in the excesas alkyne. This phenomenon
also occurs with ease in the known cases of cuprous halide-
alkyne solid complexes. If however Pg 2 P & P, and equi=-
librium is allowed to occur 1t may be expected that neither
free cuprous halide nor solution will be present with the

ecrystals of molecular complex.
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Experimental Methods. With the above simple concept

in mina.the author attempted to prepare various samples
of crystalline complexes for analysis. Three different
methods will be described:

" {(1) To one end of a medium 10-mm. diameter sealing
tube was attached via & section of constricted pyrex tubing
a vacuum stopcock, to which was joined the male member of a
standard taper 10/30 joint. At the other end of the sealing
tube was a short section of 6-mm. tubing. Through this
section of tubing was introduced 0.5 g. cuprous bromide,
The tubing was freed of cuprous bromide particles and was
removed with a gas-oxygen flame. When the seal was cool
the vessel was evacusted and 4 ml. of 3-hexyne was condensed
onto the cuprous bromide by high vacuum techniques. The
stopcock was then closed and the vessel removed from the
high vacuum apparatus. The vessel was then gently swirled
until all the cuprous bromide had reacted. No solution was
allowed to come in contact with elther the sintered disk or
the stopcock grease. The vessel was attached to the rough
vacuum distillation stand whose essential parts for this
experiment were in the order: vacuum line, cartesien diver
pressure regulator (page 25), dry ice-acetone condenser,
and pump. Excess 3=hexyne was removed from the cooled
vessel (ice-bath) at a pressure which was slowly decreased
until P278,0 0,5 mm.; 1.e. 5 mm. below Py at 25° (see Table
290 ). Drying at this pressure was continued for five minutes
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~ with the ice-bath removed. A%t the end of this time a
microsécpic examination indicated that some decomposition
had taken place. In a second trial the drying, after the
ice bath was removed,_was'shortened to three minutes, how-
ever, the results were still unfavorable,

(11) In bulb "A" of a tared apparatus similar to that
of Fig, 3 was placed 2.55 g. of cuprous chloride, then
approximately 2 g. of 2-butyne was distilled into buld "B",
The tubing was then closed as indicated in Fig. 3 and the
joint removed. Taking care that no cuprous chloride was
removed from bulb "A", 2-butyne was allowed to react with
the cuprous salt to form the selid adduct and solution.

Now it is clear that the solid complex can be freed
from excess alkyne by lowering the temperature at bulb "B"
in such a menner that PgaPiP,. This was accomplished by
placing "A" in a Dewar containing acetone at 14° and "B"
in a Dewar with acetone at 0°. In order to remove "B"
from "A"™ and prevent charring during the sealing operation
the temperatures of the bath were stepwise lowered 10° at
a time to ~78° by the changing of Dewars. The temperature
of bulb "A™ was always lowered first. After sealing and the
removal of "B, bulb "A"™ was allowed to warm to room temper-
ature; it was observed that some of the complex had decomposed.
The weight of 2-butyne in bulb "A" was 1.27 g.. The molar
ratioc of 2-butyne to cuprous chloride was then 0,908 10.005.,

In the case of a previous unweighed trial, decomposition
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‘of the cuprous chloride-2«butyne complex did not occur
until two days later. In this case decomposition was not
general (as in Fig. 13) but occurred in isolated areas,
 similar to the series of pictures indicating the decompos-
ition of the cuprous chloride-3-hexyne complex.

(111) In view of the results of the attempts to pre=-
pare sultable samples for analysis described above it was
decided that an analysis could most conveniently be complet-
ed in the following manner:

By means of a funnel placed in the barrel cuprous
halide was introduced into the tared reaction flask "A"

(see Fige 29). The apparatus was then_weighed in order

to determine the amount of cuprous halide added. The

plug was carefully greased (excess}avoided) and positioned;
then the vessel was evacuated for one hour. After the
evacuated veasel containing the cuprous chloride was cleaned
and reweighed by high vacuum technique 6-8 ml. of the al=
kyne under investigation was condensed into the reaction
vessel,

Solution of the cuprous halide in the alkyne was
accomplished with the aid of the "Boerner™ shaker and,
upon occasion, gentle warming. In the cases where the organ-
lc phase had a low vapor pressure, eg. 80 mm., a small sect=
ion of rubber tubing was placed over the male member of the
standard taper joint on the reaction vessel and a partial

vacuum drawn. A screw clamp was used to maintain the vacuum.
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This simple technique was of considerable aid in the pre-
vention of leaks during the hours of shaking. Excess alkyne
was removed according to the method described above (1ii)
using however the apparatus of Fig. 29. When possible the
reaction vessel was kept at room temperature and the collect-
ing bulb at 0°. When temperatures other than these were

used both baths were stirred. The critical part of the de-
termination and unfortunately the most suspect part was the
microscopic examination of the reaction vessel after a suit~
able drying period. The microscope used was ten power. The
solid molecular complex was considered wet 1if;

(1) drops of liquid were apparent on the sides of the
container or in the crystalline interstices, and,

(11) 1f the crystalline mass had a semi-transparent,

" somewhat dull appearance in one or more regions.

The solid molecular complex was considered dry:

(1) 1f no evidence of a liquid was apparent; and

(11) if the crystalline mass had a bright white opaque
appearance in all of its parts (except when single crystals
were apparent),

The solld complex was considered decomposed if the
cuprous halide was in evidence or if any single transparent
erystal showed a white film or an opaque spot on it. A
cuprous halide is differentiated from its molecular complex
by its smaller size and the different shape of its crystals.
Furthermore it is indicated by a dull white (cuprous chloride)
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or a ygllow (cuprous bromide) and a more opaque appearance.,

A semi=-wet sample of molecular complex where no liquid
.drops are apparent but part of the crystalline mass ig semi~
transparent can contain donsiderable excess organic compo=
nent. This condition was observed in one trial determination
of cuprous bromide=2=pentyne complex dried two hours with
the reaction vessel "A" at 11° and the bulb "B" at 0°:
the molar ratio of 2-pentyne to cuprous chloride was 3.18.
If the temperature of the reaction vessel is too high
local disturbances can cause a decomposed but wet sample
of molecular complex (e.g., cuprous bromide-2-pentyne,
flask "A" at 20° and bulb "B" at 179),

Experimental Results. Table 11 gives a list of the

results and the conditions of the successful analyses.
{(Successful 1s defined as having obtained a dried but un=-
decomposed sample of crystalline complex). In the case of
2«butyne and 2-pentyne complexes the total weight of the
alkyne was corrected for the calculated weight of the gas
phase above the erystals. For the purpose of Table 11
cuprous chloride 1s considered to be a monomer. In every
case an analysis was terminated if the reaction vessel
had leaked during shaking or drying.

This type of anslysis is somewhat limited. The de=
composition temperature must be near or above room temper-
ature in order that a complete microscopic examination can

be achieved before decomposition spontaneously takes place,
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From the method of analysis it might be expected
that thg organic component would be in slight excess over
that calculated for a l=-to-l1 complex. For example some
- alkyne might be dissolved in the stopcock grease. In six
trials the average weight of the grease used 1ﬁ the stop=~
cock was»20.5 mg.. Approximately 50 percent of the greass
can come into contact with the organic phase without the
appar#tus leaking during the houra of shaking. It is
conceivable to the author that 3 mg. of the organic phase
could have been dissolved and retained by 10 mg. of grease
under the conditions of the experiment. This would account
for about 40 percent of the average excess of organic phase,
Another probable source of error that would give a slight
excess of organic phase over that expected would be the
existence of the liquid phase in either the interstices
of the crystalline mass and/or occluded in the individual
erystals, It 1s indeed conceivable that, because of the
narrow confines in the interstices giving rise to capillary
effects, the saturated solutlion would be in equilibrium
with the gaseous phase even when the crystals appeared dry.

In the cases where n'<1l (n' is the ratlo of the
moles of ligand in the non-gaseous state to the moles of
cuprous halide) 1t is suspected that the complete reaction
of the cuprous halide to form the complex did not occur.
Although large particles of cuprous halide would not go un=-
detected, in the presence of the crystalline complex, very

small particles of cuprous halide might be obscured,
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H. DISSOCIATION VAPOR PRESSURE OF CRYSTALLINE COMPLEXES.

Introduction. The dissociation vapor pressure of six
crystalline complexes has been determlned at several tem~
peratures between 79 and 37°. The equilibrium pressures
havé been apprcached by decomposition of the crystalline

complexes (eq. 3), as well as by synthesis.

o) o - o
T = 25 CuXeUngyg, = CuXy,+ Ung s A h Dis. (3)

In eq. 3 CuX is to be understood as either cuprous bromide
or cuprous chloride, Un as an alkyne (either 2-butyne,
2-pentyne or 3-hexyne), and subscript sld. as referring

to the soclid state. For the purposes of this discussion
the crystalline complexes shall be assumed to be monomers
as indicated in eq. 3.

Theoretical. The dissociation constant Kpyg, (eq. b)

can be expressed very slmply if it is assumed that the
activities, A, of solid complex and cuprous halide are
unity, and that the fugacity of the alkyne 7jun’ is equal

to the dissceiation vapor pressure, Pc of the complex. The

A -y
Kpis, ® CZX = =P, (L)
CuX.Un
standard chemical potential change, A/u gis s, for the

dissoclation at 25° under equilibrium conditions is then

expressed by eq. 5.

Tz 25° App,. z =R InKpg, == R In Py (5)
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The heat of dissociation may be simply related to P,
as a function of absolute temperature as follows: Differ-
~entiate with respect to temperature at constant total
pressure eq. 5 divided by the absolute temperature, This

gives eq. 6 which may be rearranged to form eg., 7.

(e (22 =2 (2m0)

P

2 In PC — A hr“Dis. (7)
o T )P— R T2
Eq. 7 may be integrated, neglecting heat capacity effects,

to form eg. 8, which menifests the relationship of Ahpyg,

to Pc as a function of temperature, The simplified treate

(1n P.) e 0BBig, . (8)
¢ equil, RT

ment above and other consideratlions elsewhere neglect the
effects of pressure changes upon the chemical potentisl of
the solids 1n spite of the fact that the author only assumes
these effects are small. This assumption is probably justi-
fied since the pressure and hence, pressure differences, are
small. Normally, of course, the standard chemical potential
of a compound refers to its chemical potential at 25° and
one stmosphere total pressure,

Experimental Results. In each instance the cuprous

halide was dissolved in excess alkyne to form a saturated
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 solution. The alkyne was then removed in small portions
until the reaction flask contained a dry appearing crys-
-talline mass. Vapor préssure measurements were then made
until a‘constant dissociétion vapor pressure was reached,
From time to time additional alkyne was removed. Most
digsociation vapor pressures were approached simply by
raisihg'or lowering the bath temperature and then determi-
ning vapor pressure until no further changes were noted.
In some cases hoWever, a subterfuge was used. For example,
if a suspected equilibrium vapor pressure, Pé at a known
temperatufe had been previously approached from a lower
pressure, the temperature of the reaction flask was then
adjusted by raising or lowering the temperature of the
flask until the vapor pressure was slightly greater than
P} (by 2 to 20 mm. dependent upon the system). If the
vapor pressure P! was then approached monotonically from
this higher pressure it was considered that an equiiibrium
point had been determined.

Results. The dissociation vapor pressure data have
been fitted by the method of least squares to a curve of

the form of eq. 9. The values A and c with the mean devi=-

log P, = A/T+C (9)

ation of the data from the least squares curves are summae
rized for the systems studied in Table 12. A comparison

of the experimental values with the dalculatedrvalues
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Table 12

Empirical Constants for the Determination of Pepgi,

System A o (4) c a(C) Mean
. Dev,

mne

CuCl 2-Butyne =1989.53 L0 8.9817 0.1k 0,87
CuBr 2«Butyne «299.18 31 10.8629 0.11 0.87

11 9218 0.01h 0.54L

ﬁ 0.021 2,10
35 13 3ok 0.039 0,08
28 13.232 0.11 0.39

CuBr 2-Pentyne =1823.3
CuCl 3-Hexyne =3614.94
CuBr 3«Hexyne =3463.31 1.

0
0
CuCl 2-Pentyne «3007.3 1
1
0

g 1s the standard deviation of the constants A and C.

In the following six tables the symbols in the Approach
column denotes the following experimental conditions:
A, Pcex was approached from a higher pressure;

B, Pcex was approached from a lower pressure,
L ]

Table 13

Dissocciation Vapor Pressure for the Cuprous Chloridé-2-Butyne

Complex.
Ex, T Pcex. Pccal. n!t Approach
nm, mm,

1 25,02 200,9 20h.1 0.943 B
2 5.98 20k, 2 203.7 0.943 A
5 8.h3 82.7 82,6 0.927 B
6 8.43 82.6 82.6 0.927 A
8 14.86 118.3 118.7 0.919 B
9 14,87 118.4 118,8 0.919 A
10 18.1L 12,0 1h2.0 0.915 B
11 21.75 173.8 172.2 0.907 B
12 21,76 173.9 172,2 0.907 A
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- Table 1k

Dissociation Vapor Pressure for the Cuprous Bromide-2-Butyne

COMplGXQ
Ex, T Pcex. Pccal. n' Approach
oc mm., mm,
1 25,02 300.44 303.5 0,722 B
2 2l..98 302.4 302,66  0.722 A
S A A B
L ] L ] [ ] » O
9 14,87 153.3 153,7 0.782 A
10 18,14 192,2 1924 0.767 B
11 21.75 2447.0 245,.0 0.745 B
12 21.76 26,9 25,1 0.745 A
Table 15

Dissociation Vapor Pressure for the

Cuprous Chloride-2-«Pentyne Complex.

1 .02 6742 68,7 0.735 B
2 2 «98 68,2 68. h 0,623 A
8 1& 86 30,1 30.3 0.630 B
9 1&.87 30,2 30.3 0.630 A

10 18.14 39. 39.7 0.628 B

11 21.75 ﬁ o9 53.1 0.625 B

12 21,76 S 53.1 0.625 A
63 8.43 17.5 0.632 A
7% 8.43 18 17.5 0.632 B

4% Data not included in least squares treatment.

Table 16
Dissociation Vapor Pressure for the
Cuprous Bromide-2-Pentyne Complex,
1 25,02 189,14 192,1 0.8L49 B
2 211,98 189.8 192,.7 0.829 A
8 14.86 115, 116,9 0.8 B
9 111,87 115.7 117.0 0.869 A

10 18,1l 142,.2 137.8 0.862 B

101 18.14 12,2 137.8 0.611 B

11 21.75 165.8 16l 1y 0,60l B
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Table 16 (continuation)

Ex. T Pcex Pccal n' Approach
oC mife . mrie

12 21,76 165,9 160 0.604 A

G 8.43 67.8 83.8 0.880 B

6% 8.143 67.8 83.8 0.880 A

4% Data not included Iin least squares treatment.
Table 17

Dissociation Vapor Pressure for the Cuprous Chloride-3-Hexyne

Complex.
72 7.3 208 2.9 00831 B
7ﬂ 13.3 5.3 5. 0.830 B
7 15.24 6.5 6.5 0.830 B
75 17.73 8.3 8.3 0.829 B
7 19,91 10.3 10.3 0.829 B
19 29.70 25.7 25.7 0.823 B
80 22,18 12,8 12,8 0.828 A
81 24, 7h 16,2 16,3 0.826 B
82 32.37 32.4 iz.? 0.820 B
8 36.80 8.3 8.2 0.814 B
8 31.90 41.0 0.9 0.817 A
87 13.26 St E.B 0.830 A
88 11.1h Lol e3 0.831 A

Table 18

Dissociation Vapor Pressure for the Cuprous Bromide-3-Hexyne

Complex.

1 25.02 hi.l 41.5 0.987 B

2 2&.98 41.9 IR 0.828 A

ﬁ 2l1,96 L0.3 41.3 0.828 A

8.4 8.6 8.6 0,834 A

5 8.43 8.6 8.6 0.834L B

6 8.143 8.7 8.6 0.83L A

8 14,86 15,9 16.2 0.833 B

9 14.87 16.0 16,2 0.833 A

10 18.14L 21,9 21,9 0.832 B
11 21.75 323 30.9 0.824 B
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for each system is given in Tables 13 to 18. The data from
Ex, 6 and 7 for the system cuprous chloride 2=pentyne (Tab=
ble 15) and Ex. 5 and 6 (Table 16) for the system cuprous
bromide 2-pentyne were not included for the least square
treatment. The ratio, n', of the moles of alkyne in the
solid phase to that of the cuprous chloride is also given
in the sbove mentlioned tables. The agreement of the Pe ..

witthc for the equilibrium values 1s seen to be satise

factory¢§i; all the systems except cuprous bromide Z2-pentyne
(see Fig. 30, 31, and 32).

Deviations of the measured dissociation vapor pressures
of the cuprous bromide~2~pentyne complex from the calculated
values, Pccal.’ were greater than the estimated maximum
error O, mm.. Indeed, Ex., 10 and 10' for this system (Ta-
ble 16) have the largest deviation (4.l mm.) of Pogx, fTOm

P observed in any system studled. Furthermore even

ccal.
though P, was approached from below, still Pce > P

X Ccal,”’
It was also demonstrated that the cuprous bromide was not
protected by a coat of crystalline complex which would pre-
vent the absorption of the alkyne and, hence, explain this
deviation. An amount of the alkyne far in excess over that
necessary to account for the deviation was removed at
constant temperature (18.14°). The pressure was then re=
corded as a function of time. It approached the value

listed in Ex. 10' {Table 16). In addition to the above

discrepancy at 18,1l° there is a much larger discrepancy
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etweep Pcox. and Pccal. or the cuprous bromide 2~pentyne

system at 8.43°. Inasmuch as this pressure P has been

Cex.
~approached from higher and lower pressures it would be
virtually impossible to discount the discrepancy (15 mm.)

as an experimental error. Furthermore it will be noticed
from Table 11 that the analysis of the cuprous bromide-2-
pentyne complex was accomplished successfully at 8° under
conditions for which the Pc(79 mn, ) (extrapolated from
higher temperature measurements) was greater than P,(72 mm,)
the vapor pressure of the pure alkyne at 0°, However,
between 14.9° and 8.43° it is possible that a phase trans-
ition has taken place. Hence, Pogx. 2% 8.143° could be inter-
preted as a typical point on another curve of the form eq.8,
with different values of A hp 4, and C' in the region of
8.14° from those at, say, 25°. In general when a ligand
forms several complexes of different composition with the
cuprous halides, the composition of the stable complexes
tends toward that of the cuprous halide as the temperature
is increased (38)., In view of this fact it may be deduced
from a knowledge of the pressure discrepancy (16 mm.), the
volume of the system at 8.43° (78.4 ml.), the composition

of the complex at 80 and the ratio n' (Table 16), that the
composition of the crystalline material stable at 25° is

the same as that at 8° (CuBr«CgHg). However, until the
hypothesis, that there is a transition point between 1l,9°

and 8.43° in the cuprous bromide 2-pentyne system, is veri-
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fied by more extensive experimental evidence, the possi-
bility of the second order transition cannot be excluded.

The heats of vaporization of pure alkynes, given
previously in this thesis; are summarized in Table 19 with
the various heats of dissociation A‘hgis. as determined
 from the A/T term of eq. 9. Table 19 includes the cal~-
culated dissociation pressures P, at 25°, and the standard
chemical potential difference, A/Igis.’ for the dissocia-
tion reaction (eq. 3) at equilibrium,

Table 19
Thermodynamic Data for the DUissociation of the Complexes
into Caseous Alkyne and Solid Cuprous Hallide.

Alkyne Pure Cuprous Chloride Cuprous Bromide

Ahygp, Ah%is. Pccal.A/uBiso Ah]gis.P"cal. A’ugis.
2«Butyne 6.67 9.10 203.9 =3.16 11.40 303.0 =3.39
2aPentyne T.61 13,76 68.6 «2,50 8.3h 191.9 «3,12
3-Hexyne 8.5 16,53 16.7 =1.67 15.84 L1.5 «2,20
T = 25°, A:hgis.’ A ﬂgﬁs. in Kcal/mole , Poogy, In mm..

Discussion of Results. For each alkyne the cuprous

chloride complex 1s seen to be more stable than the cuprous
bromide complex at 25°. The heatsof dissociation of the
complexes, however, are seen to vary widely, but in only
one case (2~-butyne) is the heat of dissociation for the

cuprous bromide complex greater than for the chloride.
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Ap/interesting_reaction to dlscuss is that of the solid
cuprous halide with the pure liquid alkyne to form the solid
complex (eq.10) at 25°., The heats of dissociation A hy,
and the chemical potential changes A/ can be calculated

T 2 25°%  CuKeUngy4, = CuXgyq,* Uny(pure) A by, (10)

from eq. 11 and 12, The values of A hy, A My, and A 8L

Ahy z Ahd;g. = Ahyap, (11)
AMr = RT 1n _ge (12)
¢

are given in Table 20 for each system. The changes of en-
tropy for the reaction described above show remarkable varie
ations. If the crystalline complexes were of a comparable

nature in thelr energy distributions it might be expected

Table 20
Thermodynamic Data for the Dissociation of the Complexes
into the Pure Liquid Alkyne and Solid Cuprous Halide.

Alkyne Cuprous Chloride Cuprous Bromide

A hy, A/(,LL A 8y, A hy, A pr, A 87,
2«Butyne 2443 0.54 6.4 b.73 0437 1.6
2«~Pentyne 6,15 0.54 18.8  0.73  0.09 2.1

3eHexyne  7.99 0.71 2k  7.30  0.31 23.44
T = 250, A hy, A pu L in Kcal/mole , A 81, in cal/mole?



102
that ‘}sL would demonstrate a gradual increase in the order
2-butyne < 2«pentyne < 3~hexyne. The complexes cuprous
chloride=-2-butyne and cuprous bromide~2-pentyne, however,
showed marked deviations from this expected lncrease in
A.sL. Is there then, scmething special about these two
crystalline complexes in comparison to the others?

. As indlcated above (page 98) in the discussion of the
system cuprous bromide 2-pentyne the question can 1n part be
answered with a ﬁentative yes. More explicitly, it can be
suggested that there is another phase existent below 8.&30

for the cuprous bromide 2-pentyne system; and that this
phase has a Ah; for the reaction above (eq. 10), which is
comparable with the AshL for the system cuprous chloride
2-pentyne. The as yet unstated premise from which this
suggestlon has been developed will be the subject of a
later discussion,

Decomposition Temperature. A crystalline complex will

dissociate when the vapor pressure of the ligand falls
below P,, the dissociation vapor pressure, This condition
may occur when the lligand is in equilibrium with another
phase. Three possible other phases are: another crys-
talline complex, the pure liquid ligand and a llgand solu=
tion of crystalline complexes., |

The decomposition temperature of a complex may be de-
fined (12) as that temperature at which the dissociation
vapor pressure of the complex is equél to the vapor pressure

of the pure ligand {presumed to be orgsnic) following eq.l3.
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A/u =0 CuX+Un_q4, = ngsld.ﬁ—Unl(pure) (13)

.Hence, in the present case at the decomposition temperature
Td’ Py = Py Some sanctlion for thls special designation
can be derived from the following thermodynamic conslder=-
ations$

(i) for the resactlon of eq, 13 Ah and A/u.has the
relationship of eq. 1l and 15,

Ahz Ahp = Ahpyg o~ A hg (1)

Au oo AML 2o (15)

(11) there are zero degrees of freedom at this tem-
perature since there are four phases (CuX-Unsld., Cquld.,
Uny, and Ungas) and two components, and

(111i) for T > T4 there can be no vapor phase in equl=
11ibrium with the crystalline complex.

Table 21 includes the calculated decomposition temper-

ature T4 end the corresponding pressure Pdcal,(Pdcal. =

ca
Pccalf Pooa;.at Tdcal.) for the six systems studied. These
were calculated from the simultaneous solution of the appro=-
priate equatlons of the form eq.9 and 2 respectively., Al-
though these equations neglect possible heat capacity effectis
for‘tha_corresponding reactions, it may be noted that the
simultaneous solution of two such equatlons 1s equlvalent to

the assumption that the coeffilclents of the log T term are

squal. In actual practice this equivalence is unlikely.
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Table 21
Calculated Decomposition Temperature and Pressure for the

Cuprous Halide~Alkyne Complexes.

Alxyne "~ Cuprous Chloride Cuprous Bromide
Tdoa1. Pacal. Tdga1, Pasa1,
°c mn. °¢ mm,
2~Butyne 155 22x103 60.3 23.3
2~-Pentyne 65.6 1105 87.2 2179
3-Hexyne 66,0 487 L3.5 198

However, the dlscrepancy 1ln the answer Tdcal. due to this
assumption may be amall. The same argument, however, does
not apply to Pdcal;’ The dlscrepancy (Pg,.q = Pdex.)
would be expected to increase as Ty lncreases,

In the present cases, however, the above mentioned
Pdex. 18 not expected to exist experimentally because
(assuming there 1s no phase change of the crystalline
domplex) before Tdéal. 1s reached the complex may become
unstable with respect to the saturated solution since the
present complexes (or the cuprous halide) are known to be
soluble in excess alkyne., If the vapor pressure of the
saturated solution 1s deslignated as Pg then the crystals
will actually decomposé under equilibrium conditions when
Peg = Pge Hence, as the temperatﬁre increases, at the
actual decomposition temperaturs Té under equilibrium

conditions, the’dry crystalline complex may be expected
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to dissociate to the solid cuprous halide# and a saturated
solutién, the vapor pressure of_which is Pyg. Since Té
‘may be expected to be lower than Tdcal. in this case,
wlll be unrealizable experimentally and hence re-

Tdcalc
present an artificiel value.

Reversal of Relative Stability. At 25° for each alkyne

(2-butyne, 2-pentyne and 3-hexyne) the cuprous chloride
compiex 1s more stable than the bromide analogue. At what
temperature TR is this no longer true? The question can
be rephrased in the following manner; at what temperature
Tgp 1s the chemical potential change A X, equal to zero
for the reaction below (eq. 16)? Table 22 gives Ty, the

CuClsld.-l— CuBr'Unsld. - CuCI'Unsld.+ CuBrsld. (16)

corresponding vapor pressure Pp, the heat of reactlon Ahg,
and the entropy change A sp for the 2~butyne and 2-pentyne
systems. Heat capacity effects are neglected. Since for
3=hexyne Ty is seen %o be much greater than T, for either
complex only the signs are indicated for A hg and A sg.
IAs can be seen from Fig. 30 the intersection of the
two log P, curves for 2-butyne will be below room temper=

aturs as indicated in the following table. The reaction

# As there l1ls no evidence to the contrary, it is assumed,
here and elsewhere in this thesls, that a crystalline melt
willl not be formed where ni< 1],
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’ - Table 22
Thermodynamic Data for the Complex Substitutlon Reaction
of Equation 16.

Alkyne TRcal. PRcal. Ahg Asy

oC mm. Kcal/mole  cal/mole®
2-Butyne -2,27 L3.h 2.30 8.49
9-Pentyne  62.8 937 -5.l42 -16.13

3-Hexyne 1068

(eqs 16) is accompanied by an increase in entropy. The
cofresponding reaction for the cuprous hallde 2-pentyne
system, however, has an entropy change which 1s negative
and large Iin magnitude, '.[‘.R for 2-pentyne is above room
temperature as Fig, 31 and Table 22 indicate. However,
since this TR 1s very near to Tp for each of the two
complexes {cuprous chloride=2-pentyne and cuprous bromide-
2-pentyne) and since the solubility of the complexes are
?ery high (see Table 26) 1t is not expected that TR can
be realized experimentally for the reasons stated above
concerning the artificial nature of Tdcal.'

Since the entroples of the crystalllne cuprous chloride
and cuprous bromide at 25° are 20.8 and 21.9 calories per
mole®(39), it is seenvthat the entropy at =2.27° of cup-
rous chloride=-2«butyne complex is appreciably greater
than that of the bromide analogue. For the 2-pentyne

system the reverse situation would be trus at 62,8°.
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In the Mmown cuprous halide-alkene and-alkyne complexes
the cuﬁrous chloride complex is always more stable than the
_corresponding bfomide (12), hence, it would not be surpris-
ing if a crystal structure transition took place in the'

cuproué chloride 2-butyne system above or near =2.27°.

Phases  and _B . Thermodynamic data as obtained from
4

the above dissoclation vapor pressure measurements suggest
the hypothesis that there exist at least two different kinds
of crystalline cﬁprous halide complexes. Thermodynamically
these phases, which will be denoted by « and/B s 8are chare
acterlized by wldely different entroples for the reaction of
eq. 10, |

T = 259, CuX+Ungq4 = CuXgyq, + Unj{pure) (10)

Crystalline phase & i1s deflned for each alkyne system
as that phase which has a large entropy change for the above
dissoclation reaction. Crystallographically 1% might be ex=~
pected that phase & has 1little disorder and that the thermal
vibrations of the alkyne molecules are small. In phasg/B R
characterized by a small entropy change for the above dis-
scociation reaction, disorder or large thermal vibrations
might be expected. Hence, phase/B might be considered as a
high temperature modification of the complex and the & phase
as stable at a lower temperature., Structural similarities
are expescted to exist among the various members of each

phase. Crystallographically, however, the members of a phase
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might be expéctéd_to belong to different space groups.
Hence,lthe o phase may consist of only trimers or tetramers
or chains of the complex CuX+Un packed in the crystal differ-
ently for each member, and the /3 crystals composed of packed
, monomers.or dimers.

The known members of the « phase are considered to be
cuprous bromlde=-2~butyne, cuprous chloride-2-pentyne, cup=
rous chloride-3-hexyne, and cuprous bromide=3-hexyne. Photo-
micrographs (Fig; 1, 17, and 2) indicate morphological
similaritles of the cuprous bromide=-2=~butyne, cuprous chlo=
ride-3~-hexyne and cuprous bromide-3~hexyne complexes to one
another., The latter two complexes are considered %o be
lsomorphous. The low temperature modification of the cup=-
rous bromide~2-pentyne complex (discussed on page 98) may
be of the X phase., The unusual behavior of the cuprous
chloride 2-butyne system in comparison with the bromide ana=-
logue (above) suggests that the so-called « phase maj exist
for cuprous chloride-2-butyne as well. The cuprous chloride=-
2~butyne and cuprous bromide-2-pentyne complexes at 25° are
considered to be members of the/ﬁjphase.

The above description'of possible « and B phases may be
summarized by saying that the cuprous hallide-alkyns crys=-
talline complexecs may exist as either <« or 5 phases depend=-
ing upon the temperature.

It 1s recognized by the author that the above hypow-
thesls is only suggested by the available evidence and that
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its final verification awaits further experimentation, pre=-
ferrably of a thermodynamic and structural nature.

Rate of Attalnment of HEquilibriwa. The rate at which

the measured pressure, P, approached the equilibrium disso-
ciation vapor pressurs, Pc’ depended not only upon the
system but also upon the history of the systen.

Under favorable conditions equilibrium was attalned in
slx days for the systems cuprous chlorlide 2-~butyne, cuprous
bromide 2—butyne§ in six hours for the systems cuprous
chloride 2-pentyne, cuprous chloride 3-hexyne; and in three
hours for the systems cuprous bromide 2-pentyne, cuprous
bromide 3-hexyne. Typical examples of the rate of approach
of P to P, are indicated in Fig. 33 for some of the systems.
The approaches by synthesis and by decomposition of the
complex were approximately at the seme rate. TFor the last
four mentioned systems 2} hours of equilibration time were
allowed before equilibrium was considered established.

It appears that "favorable conditions™ do not in
general include mechanical stirring. The cuprous halide
in the systems where the dissoclation vepor pressures was
being determined was prepared by the dissociation of the
crystalline complex. It 1s possible that cuprous halide
freshly prepared in this manner had a special relationshilp
(unstated) to the remaining crystalline complex which facil=-
ltates the synthesis of the complex when P > P,. If this

were the case then 1t would be expected that any thing
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(1iks méchanicai stirring) that disturbed the speclal
relationship would decrease the absolute rate of equi~
librium attainment.
That the rate of.attéinment of equilibrium was depen=
dent upoh the history of the system is indiceated in the
examples below.

Cuprous Chloride 2-Butyne. The data of Table 23 wers

recorded for the system cuprous chloride 2-butyne at 0°.
The equilibrium dissociatlon vepor pressure based on ex-
perimental data at and above B.ho at this temperature was
50 mm.. Y“hen P was plotted as a function of time a smooth
¢urve was obtained for each case. It is remarkable to
note that cases 1 and 2 represent synthesis very near to
equal molar amounts of the alkyne and cuprous chloride

with the attalinment of the equlilibrium vapor pressure.

Table 23
Non-Egquilibrium Dlssociation Vapor Pressure Data for the

Cuprous Chloride-2-~Butyne Complex at 0°.

Case gg?, Tigﬁs?f Pin.- Pfinal AP néqui Approach
hrs. MM mm. mm.,

1 g 71 53.3 50.1 0.9 0.992 A

2 8l £3.3 0.1 0.8 0.992 A

ﬁ 8 88 29.0 2.5 0.2 0.992 B

Obs. = number of cbservations, Pyp, = 1nitial pressure ob-
servation, AsP pressure change during last LO hours of
observatlon, = calculated molar ratio of non-gaseous
alltyne to cupro%s ¢hloride under equilibrium conditions.

In the approach coclumn, A means Pyp. > Ppsng, ) B means

Pin.< Peinal,
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The change of pressure AP, during the last LO hours
of observatlion indlcates the apprdach of P to Pc was
~asymptotlic for these two cases. After the reaction
flask had been carefully chilled to -78° end after one
hour at fhis temperature, then had been allowed to warm
to Oo, the pressure approached asymptotically L2.5 rm,
,(CasevB) instead of the expectsd 50.0 mm.. A concelv-
able explanation of this behavior resides in the postu=
lated o phase fof cuprous chloride 2=-butyne,

In Case i 2=butyne was slowly removed at constant
temperature, 0°. Within the time of the experiment,
3l hours, however, AP indicated that decomposition was
85111 occurring and that en equilibrlium pressure had not
yet been reached. Thils effect has not been observed
in any other system studied. The 'nucleated' decompo=-
sition of cuprous chloride-2-butyne discussed previously
(page 82) may offer an explanation for the anomalous
behavior of both Cases 3 and L. If the crystalline
complex 1s not crystallographically imperfect (l.e. con-
talning dislocations on the surface of a crystal in con-
tact wlith the gaseous phase) then synthesis or decomposi=-
tlon may be expected to occur with comparative ease. How=-
ever, if, in the case of decomposition very few lmperfect
erystals are present and the majorlty are crystallographi-
cally perfect, (conversely restricted as ahove) then it may

be expected that decomposition will occur until elther
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'Pc is réached or all the imperfect crystals are decomposed
(32). ’If the latter is the case and P is still less than
_Pc'a plateau in the time plot of P, or a pseudo=-equilibrium
dissociatlon pressure, might be observed untll the decompo=-
sition process 1s reinitiated.

Cuprous Chloride 2-Pentyne. At 8.43° the decrease of

P %o a constant value 20.3 mm. (see page 93, Table 15,
Ex.'6; and pagé 96, Fig. 31) was observed; the time of
observation was 10 days. The temperature was then decreased
until P measured 12,2 mm.., Upon increasing the temperaturs
to 8.43° P remained constant for 60 hours. This indicated
that the value 20.3 mm. as obtained by synthesis did not
represent an equilibrium pressure. The temperature was
again lowered until P_was 18.4 mm.; after increasing the
bath temperature to 8.43° this reading did not change sig-
nificantly during the observation time of 9 days (Table 15
Ex. 7). The relations of Py, of Ex, 6 and 7 to Pepgl, 8T
indicated graphically in Fig., 31 at 1/T x 103 = 3.551.

Cuprous Chloride 3-Hexyne. In this system,llke the one

above,the experimental vapor pressure indicated that an equi-
1ibrium condition was not obtained even though excess cup=~
rous chloride was present in both systems. Two possible
reasons for thls are evident:

(1) the cuprous chloride exposed to the gaseous alkyne
was 1lnactive possibly because of mechanical stirring,

(11) the excess cuprous chloride was covered or coated
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by the crystalline complex so that direct contact with the
gaseous phase was not achleved.

Table 24 compares & set of non-equllibrium dissoclation
vapor pressure determinaticns P; with Pccal. as a function
of increasing temperature. The history of this system was
as follows: a saturated solution of cuprous chloride and
3-hexyne at 38.36°, P, = 57.6 mm., was cooled to 23.95°
(n = 0.95L). Crystalline complex appeared as a solid dry
mass, and the vapor pressure had dropped to P'. At con-
stant temperature 3-hexyne was removed until n = 0,881 and
P=0,2m, <P'. The vapor pressure then increased to a
constant 1L4.9 mm. (Ex. 61). The temperature of the system
was then increased and the vapor pressure determined as a
function of time. The final values, Pl. , the temperature,

and the hours of observation are given in Table 24. That

Table 24
Non=Equilibrium Dissociation Vapor Pressure Data for the

Cuprous Chloride=~3«Hexyne Complex.

. T !
Ex Obsgizztion Pcex. Pccal. Approach
hrs. o¢ mm. mm.
61 2l 23.95 14.9 15.1 B
62 12 26,98 20.2 20.0 B
6& 10 2747 21.7 21.0 B
& 17 32,2l 1.8 2.3 B
65 L8 36.91 7.7 8.7 B

Mechanical stirring in these experiments was continuous.
n = 0,881. In the Approach column, B indicates that the
experimental but non-equilibrium vapor pressure, Péex was

L ]

spproached from a lower pressure at a lower temperature.
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these values Pé are not equilibrium values even though the
time cf observation was larger than that required under
favorable conditions (6 hours) 1s indicated by the fact
that no significant synthesis took place when the bath was
lowered to 18.6°., Fig. 34 shows that the equilibrium value
(P, = 941 mm.) was not reached even after 89 days of observ-
ation. The effect of mechanical stirring (which did not
break up the lérge masses of complex) accelerated the synthe-
gis of the complex. However, compared to the 6 hours re-
quired to synthesize the complex without stirring under
favorable conditions, this acceleration was negligible.
It is noteworthy that in this case not only was cuprous
chloride in considerable excess, but also that some cuprous
chloride had just been formed by decomposition. However,
since stirring had been continuous during the experiments
listed in Table 2l the relationship of the freshly prepared
(by dissociation) cuprous chloride to the remaining'associ-
ated crystelline complex was unknown. The evidence above
led the author to believe that mechanical stirring may be
a deterrent to the synthesis of the complex from the solid
cuprous halide and a gaseous alkyne under certain conditions.
Accordingly mechanical stirring was not employed in obtaine |

ing the data listed in Tables 13 to 18.

Experimental Detalls. The cuprous chloride 3-hexyne
system was studied in reaction flask type No. 2. The other
systems employed reaction flask type No. 1.
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Cuprous chloride and cuprous bromide as freshly pre=
pared Qn pages 29 and 32 respecti#ely were introduced into
_the respective flask in the following manner: the reaction
flasks which had been degassed as described on page 23 were
f111led with nitrogen at a somewhat greater (ca. 5 mm.) than
atmospheric pressure. For the reactlion flask type No. 1,
the vacuum side of the manometer was simultaneously filled
with nitrogen so that there was no movement of the mercury
columns. A short section of the stem S (see Fig., 9 and 10)
of the appropriate reaction flask was then removed.and the
cupreous halide lntrocduced into the flaska through a tared
funnel. The stem was then sealed by removing a section
of it in such a manner that no water from the flame was
introduced into the reaction flask. During this entire
procedure a gentle stream of nitrogen was flushing through
the flask and out the stem. The amount of cuprous halide
introduced into each system is listed below in Table 25.
After the flask had been evacuated and degassed for 10
days the alkynes (prepared as described on pages 62 and 63)
were introduced from storage. The volumes of the reaction
flasks at zero preasure are summarized in Table 25, The
thermometer used for all measurements was that described on

page 61. The bath employed was No. 2 (page 9).
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| Table 25
Experimental Data for the Determination of the Dissociation

'Vapor Pressure and of the Saturated Solution Vapor Pressure.’

System Vol of Cuprous Hallde taken
reactlon

flask

ml. e mmole.
CuCl 2«Butyne - 727 2.2919 23.143
CuBr 2=-Butyne 96,2 2,5698 17.90
CuCl 2-Pentyne 80.5 2.3345 23.57
CuBr 2-Pentyne 72.1 2,8679 19.987
CuCl 3=Hexyne 152.L 2.1979 22,194
CuBr 3-Hexyne 68,7 2,7075% 18.869

& At zero pressure .
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I. DENSITY AND COMPOSITION OF SOLUTIONS SATURATED WITH

RESPECT TO THE COMPLEX.

A knqwledge of the composition, density, and vapor
pressure of solutions_saturated with respect to the complex
enables one to calculate:

(1) +the solubility of the complex,

- (11) the density of the crystalline complex (estimated,
and'éxact, with additional data), and

(111) the molecular weight of the complex in solution.

The solubilitiesa of cuprous chloride~ and cuprbus
bromide~-complexes in the alkynes of interest were determined
at 25° under oxygen~free conditions. In addition the solu-
bllity of cuprous chloride in 3-hexyne at 19.9L° was deter-
mined under gimilar conditions. Densities were measured
simultansously.

The results are summarized 1n Table 26 which gives the
solubility of the cuprous halide in terms of welght and
mole pércent. Although this is a convenient and unambigous
method of data presentation the reader 1s reminded that in
each case (except for cuprous lodide) the saturated solution
was in equilibrlum with the crystalline complex.

Results. It 1s interesting to note that for each alkyne
mole-percent-wise the cuprous bromide~complex 1s less soluble
than that of the chloride. Though this roughly parallels

the dissoclation vapor pressure at 25° there 1s no corre-
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lation with %the heat of dissoclation (Table 19) or the de-
composition temperature, Ty (Table 21). Similarly the
- difference of solubility of the cuprous halide with each
alkyne cannot be related to T, (Table 22). Indeed, the
solubility of a molecular complex 1n excess liggnd is not
directly related to the stability of the complex (40). How-
ever,'as explained above (page 10l ) the actual decomposition
temperature of the complex will be related to the solubllity
at that temperafure or, more precisely, to the vapor pressure

of the saturated solution at that temperature.

Table 26
Density and Composition of Saturated Solutions at 25°,
Alkyne Cuprous Chloride Cuprous Bromide
dzsu wt.% mole® d25u wt.% molek
2-Butyne 0.878 23.89 14.64 0.706 3,81 1.47
2-Pentyne 1.340 52,91 43,59 1.288 U49.95 32,18
3=Hexyne 1.090 38,10 33.80 0.888 21,15 13.31
3=Hexyne# 1.013 32.51 28.55
Cuprous Iodide
3-Hexyne 0.717 <0.05 <0.03
# T =z 19.94°

The range of solubilities (1.47 to 43.59 mole percent)
is surprisingly large, especially 1f the complex as such 1s

assumed to exist in solution. If this were the case for
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cuprous chléride-2-pentyne and cuprous bromlde-2-pentyne,
one woﬁld speak of a saturated solution of 77.4 and L7.5
.mole percent complex respectively. Perhaps in the former
case one shpuld talk of a solution of 2«pentyne (solute)
(22;6 mole percent) in the melted complex. The high solu=-
bllitles indicate that 1f the heats of fusion were compar=
able, then the melting polnts of the pentyne~-complexes and
the cuprous chloride-3-hexyne complex would be lower than
the melting points of the other complexes. This appears to
be the case for the cuprous chloride-2-pentyne and the cup~
rous chloride~3-hexyne complexes whose melting points are
approximately 35.6° and 40.6° respectively. All the other
complexes consldered here decompose in the melting point
apparatus above Lj0.6° when bulb "B" is at 25°,

The solubility of cuprous iodide in 3~hexyne is so low
(less than .03 mole percent) that it cannot be suiltably
studied by the present method. Furthermore the case was
somewhat complicated by air leaking into the equilibration
flask. The material recovered from solution and welghed
was shown by microscopic examination to be a pale green
liquid scluble 1n acetone and not a buff cuprous iodide.
Hence, the actual solubility of cuprous lodide is consider=-
ed to be much lower than that indicated in Table 26,

The saturated solutions of cuprous halide in 2-pentyne
were very viscous, so much so, that even with a coarse

sintered disk the time requlred for the filling of the
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pycnomgter was about two minutes. Thus, although the
densitles agree within the limit given in Table 26,
1t might be expected that the density of these solutions
abt 250 would be somewhat greater. Ambient temperature
was about 26,5°,

Experimental Procedure and Details. Cuprous halide

(2 - 3 g.) was introduced into the equilibrium flask
(Fig. 35) by means of a funnel blaced through the standard
taper 10/30 joint. An adapter equipped with a stopcock
(partially shown in Fig. 35) was fitted into the standard
taper 10/30 joint, and the equilibration flask evacuated
and degassed over night. The standard tapér joint end
the stopcock were greased carefully to avoild excess with
Dow Corning high vacuum siliconegrease. Alkyne was then
distilled into the flask and the cuprous halide was dlssolve
ed with the aid of the magnetic stirrer. A careful balance
of salt and ligand was necessary in order %o have sufficient
saturated solution in contact with crystalline complex at
259, The alkyne was removed and added by distillation. In
the problematlc cases of ﬁhe 2-pentyne solutlons this bhalan=~
ce was achieved with the help of a detachable inverted "U"
(comparable to that shown in Fig. 29) which was connected
~to the equilibraticn flask and a flask containing pentyne,
Two determinations were made in each case.

When the amounts of alkyne had been adjusted in the

cases of 3-hexyne and 2-pentyne solutions, nitrogen was
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added to the flask until the total pressure was one atmos=
phere. The flasks were equilibrated ir bath No. 1 at
25,00 $0.02° for 3, 6, and espproximately 2} hours, respec=
tively,'fof_the 2-butyne, 2-pentyne, and 3-hexyne systems.
The great ease of solutlion and crystellization of all the
complexes and the Intermlttent stlirring provided with the
underwater stirrer lnsured that equilibrium had been
achieved in the above mentioned times. Care was taken to
avold wetting the sintered disk of the equilibration flask,
This was not always realized; however, no crystals were cbe-
served in the flnally collected saturated solutions.

The pycnometers (two) were fitted with a 5/20 standard
taper male jolnt with the tip pulled down to approximately
1 mm. outside diameter, a female ground glass cap, and =
micro-stopcock (see Fig, 35). The micro-stopcock was care=
fully greased with high vacuum siliconegrease and the excess
removed outside and inslde. A lint-free plpe cleanér was
used to remove the grease inside the bore. Except in the
case of the cuprous bromlde-2-butyne complex the pycnometer
was weighed only after wiping wlth a damp chamols. In the
excepted case the high vapor pressure of the solution at
ambient temperature precluded delays of any kind: the pycno=
meter was cleaned for weighing with a lens tissue.

The tared pycnometers, fitted with a short length of
tublng at the outlet of the micro-stopcock prior to use,were

stored for one-half hour or more in a large stoppered tube
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immersed in the water bath. The actual use of the pycno=-
meters‘was based on the Lucas-Eberz pipette. After the
.equilibration flask had been placed in the sampling po-
sitiqn,the_standard taper 5/20 plug removed, and the joint
freed of grease, the pycnometer (minus the cap of course)
was posiltioned and nitrogen pressure applied (5-8 lba./inz)
as Indicated in Fig. 35. The saturated solution was forced
through the sintered disk up the sampling tube and iInto the
pycnometer. Excess solution was forced through the micro-
stopcock and into the tubing fitted at the end. The stop=-
cock was then closed, the pressure released, the pycnometer
removed, the tip quickly cleaned with a lens tissue in one
moticn, the cap replaced on the cleaned tip, and the second
pycnometer inserted in the sampling tube. The second pycno=-
meter was then filled in a similar manner. At this point
the rubber tublng was removed from the end of the pycno-
meter. The stopcock end of the pycnometer then thoroughly
and quickly cleaned with the ald of several short lengths
of pipe cleaner and lens tissue.

After the pycnometers have been welghed a short length
of Tygon tubing with a small funnel (15 mm. wide) was attache
od to the micro-stopcock end. To the funnel was added approx-
imately 1 ml. of alkyne. The cap of the pycnometer was then
carefully removed, the stopcock opened, and the saturated
solution followed by fhe "wash" alkyne was allowed to drain
into the standard taper 12/30 female joint of a 10-ml.
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tared receiver. The tip of the pycnometer was carefully
washed’off with extra alkyne. The alkyne was removed from
the recelver by high vacuum distillation at low temperature.
When thé’regidue in the receiver appeared to be only cup=-
rous hallide the remailning distillation and decomposition
was carried out at amblent temperatures for 2l hours with
cccasional immersion of the bulb of the recelver into a
100-ml. beaker of hot water. This treatment was repeated
until constant weight (receiver) was achieved. The pycno-
meter was placed in a vacuum desiccator, until constant welght
had also been reached. The difference (less than 5 mg.)
between the final and the 1Initial weight of the pycnometer
was then algebraically added to the weight of the collected
residue. The sum represented the welght of the cuprous
halide in the sample. The volumes (1.1526 and 1.0517
0.0001 ml.) of the pyecnometers were determined with clean
mercury at 25.00 ¥0,02°.

The recovered cuprous chloride was pure white and the
cuprous bromide was tinged a light yellow.

A sintered disk of coarse porosity was used for the
determination of solubility of cuprous chloride in 3-hexyne
and cuprous chloride and cuprous bromide in 2-pentyne. For
the remalning determinations a medium sintered disk was
practical since the solutions were much less viscous,

Digscussion. Attempts to correlate solubillty of a

molecular complex in excess ligand with = measure of the
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stability of thé complex-should be preceded by discussilon
coneidering the heat of solution of the complex in the
ligand and the melting polnt of the complex if:

(1)Athe solution is in equilibrium with the solid
complex, and |

(11) the solubility of the complex incresases with the
tamperature.
If in addition it can be demonstrated that the molecular
welght of the materliel in solutlon is constant over the
temperature range of 1lnterest, then 1t 1s likely thét the
solublllity of the complex in excess ligand 1s unrelated to
the stablility of the complex but 1s representative of the
simpler plcture of a solute dissolving in the solvent
according Lo eq. 17, where x represents the mole fraction
of the complex In solution and Ahg,yyp, 1s the heat of

d 1n x - Ahgain. (17)

dT gat, RT2
solution of the crystalline complex. If the hypotheslzed
supercoolad melt of the crystalline complex mlxes 1ldeally
with the ligand solvent then the heat of solution may be
replaced by the heat of fusion (corrected for heat capacity
effects). The melting point of the complex, however, may
not exist under the pressures at which the gaseous phase of
the ligand exists 1f the decomposition point Td is low

enough. Nevertheless, even if the melting polnt does not

exlst, the solutlion phenomena may be fepresented by eq. 17
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Un
* (CuX»Un)p(solid) = (CuX.Un)p(sat.soln.) (18)
m{CuX+Un),(sat.soln.) a n(CuX-Un), (soln.) (19)

(CuX+Un),(sat.soln.) —men Un(soln.) = (CuXemUn),(soln,) (20)
(CuX-Un),(sat.soln.) =z n(CuX)(soln.) — n Un{soln.) (21)

The actual situation in the saturated solution may be
complicated by the exlstence of other specles as indicated
by eq. 19, 20, and 21. If the heats of reaction for these
last three equations are small (either negative or positive)
then the solubllity (apparent and real) of the complex will
increase with rising temperature,

In addition to the above reactions it 1s known that
dissocliation of the complex into 1ts constituents near the
real decomposition temperature 1s important. Immedlately
below this temperature then eq. 21 is important. The dis-
tinctlion between the calculated Ty given for the complexes
of this study (Table 21) and Ty as defined by the reaction
of eq. 22 at that temperature resides primarily in the
differences of the ligand of thelr corresponding reactions.

For Td the ligand 1s pure, whereas for Té the ligand is
T; CuXeUn{sat.soln.) = CuX(sat.soln.) + Un(soln.) (22)

saturated with respect to the solid complex (CuX.Un) and
with respect to the uncomplexed metal constituent (CuX).
For complexes not soluble in their ligand (40, 41) T4
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-exists‘and for soluble conmplexes Té exists. It may be here
remarked that for temperatures above Té the concentration
~of the specles (CuX+Un) in solution 13 expected to decrease
according to the reaction of eq. 23. Hence, if the soluw
bllity of CuX as such 1s small then the apparent solubllity
of all the cuprous compounds above Té wlll undergo a de-

cline‘as the temperature increases.
CuX*Un(soln.) = CuX(sat.soln.)+ Un(soln.) (23)

In the present study it has been ohserved that at room
temperature and below the solubility of the complexes in-
creases with rising temperature. Hence, according to the
above discussion the melting points and the heats of fusion
should be determined and correlated with the solubilities
and molecular weights in solution. Deviations from the
simplest case consldered above would indicate the possi=
bility of reactions like those of 19, 20, and 21.. The ex-
tent of the deviation, 1f present, would be expected to vary
according to the alkyne (steric effects) and the halide of
the.cuprous salt. The bdnding capacity of the metal would
be expected to vary according to the halide attached and,
hence, might be expected to affect the stability of a given
species. In the creation of complex species involving
severe deformation or breaking of cuprous halide bonds it
will be appreciated that the heat of reaction will depend
strongly on the halide.
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The obsérvétion that certain complexes are very solu-
ble in their ligand suggests that certaln aspects of the
complex in solution have similarities to the solvent. A
model of'the complex in solution readily follows from these
suspected simllarities. Comyns (2l4) found the solubility
of silver perchlorate (salt) in a non-polar alkyne (3=hex-
yne)'to be 32 percent =at 279, At a lower temperaturs a
erystalline complex was observed. In this case then what
are the similarities (surmised above) of the complex in
solution to the ligand 3~hexyne? The same question.may be
asked concerning the soluble complexes of the present study.
The author suggests that the following model may be repre-
sentative of some complex systems: the complex in solutlon
consists of a nucleus of the inorganic reagent effectively
surrounded by complexed ligand. The nucleus is considered
neutral and may consist of several molecules of the in-
organic component bound together by covalent and possibly
lonic or dipolar bonds. Ligand molecules are attached to
the outslde of the nucleus primarily by bonding with the
metal components. Hence, though the inside of the nucleus
may be polar, the surface of the nucleus appears to the
approaching solvent molecule quite similar to a large
hydrocarbon.

For the soluble cuprous hallide-alkyne complexes the
nucleus components are probably bound together by covalent

bonds with the halogen serving as a bridge between two
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copper atoms. The bridging cépacity of halogens is known
(42) as i1s the tendency of copper(dus) atoms to expand
thelr valsncy to.accommodate the presence of more than
one halogen atom (43).

.An extension of the 'nucleus' model to soluble com=~
plexes containing more ionic lnorganic constitusnts such as
silver nitrate and perchlorate involves some hazard as a
solution of the 'nucleus' complexes would be non=~conduct=
ing. Vapor pressﬁre measurements of Comyns (L40) on a
2-pentyne solution contalining 13 percent silver perchlo-
rate indlicate that Raoult's law was not oheyed; no vapor
pressure lowering was observed, 3.2 mm. was'expected‘ This
suggests that the silver psrchlorate species or the com=
plexes are highly assoclated in solution.

In & more polar medium the 'nucleus! complex could be
expected to adopt a more polar exterior by dissociation or
rearrangement as indicated in eq. 19, 20, and 21, Comyns
has observed an increased solubility of the silver nitrate~
3=hexyne complex in a mixture of the alkyne and acetone
over its solubility in the pure alkyne.

If the 'nucleus' model 1s applicable to the crystalline
complex the van der Waals forces per complexed ligand would
be expected to change for various ligands in the same order
as the van der Waals forces in the crystalline ligand. The
total vﬁn-der Wagls forces for the crystalline complex will

however, depend upon the number of complex ligand molecules
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per molscular complex and, hence, upon the size of the
nucleus. Since not all the metal.ions or atoms may be
‘binding ligand moleculeé, but may be submerged in the
nucleus; the van der Waals forces for the complex mole-
cules wlll vary according to the composition of the
complex, and wlll increase with the mole percentage of
the inorganic component.,

Solomon (Lly) has correlated the melting points of
the olefine=silver nitrate compiexas with two factors:

(1) the melting point of the original hydrocarbon and

(11) the silver nitrate content of the complex.
Although this evidence supports the above model, it 1s
certalnly not conclusive and probably has only heuristic
value,

The author does not suggest that all alkyne com=
plexes are of the postulated nucleus type. The fallure
of the complex %o be soluble in excess ligand may ihdicate,
when the melting point is low, that the complex 1s not of
the nucleus type (41). The crystal structure of silver
perchlorate-dioxane complex (45) (120° decom.) and its
very low solubility in dloxane indicates that the stabile
1ty of the complex depends In part on the cooperative
vhenomenon of the crystalline state. In this case the

silver ions are separated from the perchlorate anions.
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J. DENSITY OF THE CRYSTALLINE CUPROUS CHLORIDE=~2-BUTYNE

- COMPLEX AT 25°.

The density of the cuprous chloride-2-butyne complex
in the crystalline state was determined by an indirect
method in the presence of 1ts mother liquor. Selective
solution of 2-butyne by ligulds ordlnarily used for denslity
detefminations would partlally destroy the crystals and
precipitate cuprous chloride. Practlices necessary to
avoid decomposition in the liquids preclude the use of
common methods of density determination of crystalline
materials. In addition the high volatility of 2-butyne
(b.p.26.9°) indicates that special techniques are re-
qulred,

Calculation of d,. Consider a volumetrlc flask which

contains approximately one-half of its volume of crystals
and the remalning half of solution in equilibrium with

ﬁhe crystals. The density of the crystals, d,, can then
be expressed in terms of the denslty of %the mixture, dp,
density of saturated solution, dg, and we/wp, the weight
of the crystals divided by the total welght, as in eq. 2l,
derivable from the definitions of density and total weight.

wo/wT
% = T73; = (1-we/wp )74, (on)

The density of the mixture dp 1s sum of the welghts
(wp) of the two components dlvided by the volume of the

sdlution plus the volume of the crystalline complex.
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Eq. 25 expressges wp in terms Ung, the total welght of

wip - UhT-FCuT (25)
2-butyné and CuT,the total welght of cuprous chloride.
The ratio wc/wT can be determined at equilibrium
from a knowledge of the composition of the phases and the
totalyweights of the two components, Ungp and Cup. The
welght of the crystals,wc,is calculated with the aid of
eq. 26, where S is the ratio in the ligquild phase of the

W, = (1 + C){(Cup=(Ung=C+Cup)/(S~C)) (26)

welght of 2=butyne to the welght of cuprous chloride and C
1s the corresponding ratlio in the c¢rystalline phase.

Method. The method to obtain dp and w,/wyp can be
outlined simply as follows: a known weilght of 2~butyne
is condensed into a volumetric flask containlng a weighed
amount of cuprous chloride. The reactants are stirfed or
sheken untlil a2ll the cuprous chloride is dissolved and the
crystalline complex 1s evident. Equilibration 1s then
allowed to take place at a known temperature and the total
volume occupled by the saturated solution and the solid
adduct 1s determined.

Results. Values of d, have been calculated on the
assumption that dy, S, and C have the values 0.878 g./ml.,
3.186 (see Table 26) and 0,562 (see Table 11) respecw

tlvely. The data of three successful trials are summarized
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in Table 27 along with the denslty of the crystalline complex

as determined by an x-ray investigation (see page 187).

Table 27

Denslty of the Crystalline Cuprous Chloride-2~Butyne Complex

at 25°.
Ex., Total Total Total de
Volume CuCl(Cup) 2~Butyne(Ungp)
mls g 2o g./ml,

1 12.453 £0.002 6.2338 8.0943 1.730 10,003
2 12,262 5.5960 8.0041 1.730

3 12,512 5.6295 8.172h 1.730

x-ray (at 27.0 *0.5°) 1.727 0.006

Experimental Details. To the top of a 10-ml. Erlenmeyer

flask was sealed a 0.2-ml. section of a l-ml, red line pyrex
pipette graduated in 0,01 ml.. A side arm near the bottom

of the Erlenmeyer was used for the introduction of a glass
enclosed stirrer mite. The apparatus was Jolned tHo a high
vacuum system by means of a male member of a standard taper
10/30 joint as shown in Fig. 36. Cuprous chloride was intro=-
duced into the dry clean tared vessel through the stem. The
cuprous chloride was removed from the stem by means of a
lint-free pipe cleaner and the vessel was then reweighed

and the cuprous chloride added noted. The vessel was then
attached to a high vacﬁum system and evacuated for an hour.
Sufficlient 2~butyne was then distilled into the vessel to
react with all of the cuprous chloride to form a solid
complex and that amount of saturated solution which filled
the vessel within the 1limits of volume that could be
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measured. This means that the volume

of 2-bﬁtyné added was estlmated correct-

1y within =0.1 ml.. The estimate, of

course, 18 known to be correct only when

the finai squllibrium 1s achleved. - >

The vessel was then sealed under soat

vacuum above the section of graduated -

plpétte at the place indicated in Fig.36,

end the male member of the standard

taper 10/30 joint removed. During B
this process 1t was necessary to
protect the jolnt from heat; thils

was accompllished by wrappling the

| G
: h best t and mak
joint with asbestos tape making Fig.36
the seal as quickly as possible. The Pycnometer.

welght of the total 2-butyne added was

then calculated when the removed mele member of the joint
was cleaned and welghed with the sealed vessel. The buoy-
ant effect of the alr must be taken lnto account.

Solution of the cuprous chloride was accomplished with
the ald of a magnetlc stirrer and with gentle heating. In
every case 1t was possible to obtaln at greater than amblent
temperatures a clear solution without solids present. This
condition Insured that all of the cuprous chloride had re=-
acted. Colorless crystalline material immediately appeared

upon cooling at 25°, The quantity of solld material pre=-
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vented the use of the magnetic stirrer ln the final stages
of equilibration.- Some stirring ﬁas obtained by manual
rotation of the incllned vessel in the constant temper-
ature bath several times a day. No change was observed
in the heilght of the saturated solution after the first
few hours. One case was observed for seven days. No
case was observed for less than [0 hours. A telescope
was used to make the readings.

The volume of the flask at the lowest useable 0.1 ml.
graduation was determined with mercury at 25° as 12,351 %
0.001 ml. (average of 12.3508 and 12.3514 ml.).
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K. ESTIMATED DENSITIES OF THE CRYSTALLINE COMPLEXES.

From a knoWledge of the density and composition of
the saturated phases it has been possible to maeke reason-
able estimates of the deﬁsities of the crystalline com=-
plexes. These estimates should prove useful in crystal

gstructure investigationsa,
‘ ReSults. In Table 28 are given the density of the

crystalline complex d s as calculated from the molew

CM.V.
cular volume of the puze alkyne and of the pure cuprous
halide; the density of the crystalline complex, dcsoln.’
as calculated from the density and composltion of the ’
saturated solutlion; the spproximate volume chenge,AwV,

of formation of one mole of crystalline complex from pure

solid cuprous halide and pure liquid alkyne; and the

Table 28
Estimated Density of the Crystalline Complexes at 25° and

the Data used,

Complex ch.V. dcsoln. AV dcest.
g./mlg : gn/mlo m10/m01e g./ml.
CuCl=2=-Butyne 1.43 1,68 0,01 16.0 1,73
Cull=2=-Butyne 1.k (1.730 0.003)2 18,3 (1.73)2
CuCl-2-Pentyne 1.3 1.Eo 0,01 13 3 1.53
CuCl-3~-Hexyne 1.27 o1 O. 01 3.5 1.143
CuCl-3=-Hexyne 1,28 1.0 o.01% 1,9 1.53
 CuBr-2~Butyne 1.81 1.52 o.u -20 7 2,06
CuBr«2-Pentyne 1,67 1.83 0,01 11.0 1.86
CuBr-3~dexyne 1.56 1.69 0.01 10.9 1,72
a8

determined by an indirect pycnometric method, see
Tab%e

¥oooa 19.9&0-



139
‘egtimated density, d, st 3 of the crystalline complex.
’ e

and A v, The densilty

| Calculation of QGM.V.’ gcsoln.
- of the pure alkynes at 25° were those given on pages 62,
63, and 6l and the densiﬁy of 3-hexyne at 20° was that
given by Pomerantz et al. (34) (0.7226 g./ml.). The den=-
slty of cuprous chloride (3.53 g./ml.) and cuprous bromide
(472 g./ml.) at 20° (46) were also used in the calcula=-
tion of Aoy y.*

In addition to the knowledge of the density and com-
position of the saturated phases two rather unlikely as-
sumptions were made in order to make the calculation of
dego1n.

(1) the complex in solution is of the form (CuX«Un)y,
and

(11) the molecular volume of the alkyne and of the
supercooled melted complex are additive.

The densitlies of the saturated solutions are given in
Table 26. Compositions of the solutions were recalculated
according to the assumption (i) where n = 1. The calcu-
1aﬁed densities of the cémplexes, dcsoln.’ are those of the
liquid complexes, in visw of assumptions (i) and (ii).

For the calculation of Av the molecular volume of the
erystalline complex is calculated from d, .

soln.,.

Calculation of d « With the increasing molecular

cesto

weight of the alkyne, the value of 4 1s seen to rise

M.V,
steadlily for sach cuprous halide. The increase 1s parallelled

by the density (d ) as determined from the solubility

Csoln.,
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-measurgmants except that thc.increas& for the cuprous
chloride-2-butyne complex 1s someﬁhat greater than that
. Tor the other members cf elther series. This deviation is,
of course, also reflected in thé molecular volume differ-
ence column. The noticeable exception to this parallelism
is dcsoln. for the cuprous bromlde-2-butyne complex. How-
ever, because of the much lower solubility of the complex,
the percentage error is greatly magnified in calculation.
This exceptlon is not considered significant.

The agreement of the crystalline densities fof the
cuprous chloride-3-hexyne complex at 20° and 25° is satis-
fying consldering the assumptions. This adds a measure of
confidence in the results of the calculations. The den=-
sities of the crystalline cuprous chloride~2-butyne complex,
measured by other methods (see Table 27) are in remarkable
agreement with that calculated from the solubllity deter-
minations., The difference in densities might be ascribed
to that between a crystalline and liquid state, although
it 1s somewhat less (by about 1/2 to 1/3) than that usually
found for organic compounds (L,7). This difference in terms
of the molecular volume 1is subtracted from the molecular
volume of the crystalline complex calculated from dcsoln.
In order to obtaln the estimated crystalline complex
density dcest.’ For cuprous chloride-2«butyne complex
the value 2.06 g./ml. 1s estimated from the expected
parallelism between the densities of the chloride and

bromide complexes.
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‘L. VAPOR PRESSURE OF SATURATED SOLUTIONS.

For the six systems studied the vapor pressures of the
-alkyne solutions saturated wilth complex at 25° have been
measured. In addition the vapor pressure of the satu=-
rated solution for the cuprous chloride 3-hexyne system has
been determined as a function of temperature from 5.2° to
35.0°.

Results: Saturated Solutions at 25°. In Table 29

are summarized the measured vapor pressure of the saturated

solution, Py, at 25°; the pressure difference A Pz(Py - Pg)

s
between the pressure of the pure alkyne at 25°, P,s and

the pressure of the saturated solution; the ratio ‘AP/?O;

the formal mole fraction of cuprous chloride, Xouxe 1n the
saturated solution; n', the ratio of the total moles of
alkyne in the non-gaseous phases to the total moles of the
cuprous halide present; and N/ ¥ ', The vapor pressures of
the saturated solutions for the different values of n' agree
within the limits given. The vapor pressure of the saturated
solutions,P ,and the pressure difference, A P, for the cuprous
chloride 3-hexyne system were obtained by interpolation from

data at other temperatures.

Discusslon. Raoult's law for the vapor pressure lowering

of a volatile solvent by non-volatile solute is eq.27, where

AP

5 = x(solute) (27)

o
X 1s the mole fraction of the solute species in solution.

For non-dilute solutions and for cases where the species in
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" solution is not known eq. 27 may be modified for the

purpose of this discussion to eq. 28, where Xoyux 1s the

AP . _y'XCuX (28)
Py 7 N .

formal mole fraction of cuprous halide in solution, Xg,x/N
is the sum of the mole fraction of all species iﬁ soiution
_cohtaining cuprous halide (eq. 29), and y!' 1is an'average'
activity coefficient. It will be noted that N is a

EQ%Z = EE x4 (species contalning CuX in soln.) (29)
all i '

measure of association of cuprous halide in solution. Even
for a single species in solution y' 1s not the customary
activity coefficient introduced by Lewis (48); hence,

Y' « x(solute) is not the activity of the solute. Eq. 28
above defines )y'. For dilute solutions X"apprqaches the
value of the customary activity coefficient for a single
species. The ratio N/ Y ' in Table 29 is simply P, xgyux/A Ps

For the cuprous bromide 2-butyne system for which
Raoults law would be expected to hold N/ y ' = N = 2.7 *0.6.
This suggests that the average complex in this solution was
a trimer. Other saturated solutions, for which some devi=-
ation from Raoult's law may be expected, also indicate |
association. If, for the more concentrated solutions,
as of the cuprous chloride 2-pentyne, cuprous bromide

2-pentyne, and cuprous chloride 3-hexyne systems, XouX
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" is replaced by XCuX.Un> 8ssuming a l-to-l complex, the
N/ §' values are 1,58, 2.52, 2.62 (at 25° for cuprous
chloride 3-hexyne), and 3.3h (at 19.94° for cuprous
chloride 3-hexyne). The general conclusion could be
drawn that in solution the complexes exist as polymers
were it not for the‘fact that the values of Y! for fhe
',syétems having concentrated saturated solutions sare un-
known and might be considerably different from uniﬁy.
This conclusion, coupled with the agreement of the esti-
mated density with the measured density of the cuprous
chloride-2«~butyne crystalline complex would lend support
to the nucleus model of the complexes iIn solution for the
systems described here.

The Vapor Pressure of the Saturated Solution, Pg, of

the Cuprous Chloride 3-Hexyne System as a Function of

Temperature. An Interesting example of the thermodynamic

conditions accompanying the decomposition of the crystal-
line complexes soluble In excess ligand is afforded by
the cuprous chloride 3=hexyne system. The distinction
betwesen Pd and Pé was manifested by this case.

Theoretical Considerations. As is often the case,

there is some pedagogical merit in considering absimplified
example for comparison to the problem at hand.
Consider the variation of vapor pressure of a saturated

solution, P_, as a function of temperature. As the temper=

s’

ature increases the vapor pressure of the pure liquid P,
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“increases exponentially. However, for a saturated solution
the vapor pressure 1is depressed due to the presence of the
solute. Moreover the amount of depression increases as the
temperature rises since more solute enters the solution.
The equilibrium between the vapor phase, the solution,
and the crystalline solute will be considered. For the
_soivent, designated by the subscript h, the chemical po-~
tential A¢, at equilibrium will be the same forlthé gase=

ous and liquid phases as in eq. 30, where the superscripts

g 1l
refer to the gaseous and liquid states. For a small change
in temperature a new set of equilibrium states exist as

indicated in eq. 31. Whence eq. 32 follows upon comparing
eq. 31 with eq. 30.

e % td p g /u.%;+ 4 p i . - (31)

g . g v
d pp = a#p | (32)
Eg. 33 is the result of expanding the total differentials in

terms of the partial differentials of the chemical potential

g q |
Dgh p) D) ! 1 |
(9 P)“P + ('azjr—h)"“: (»/;h) dP + (275;4"-1-) dT + (%) dAn (33)
T.A P,Ap PT

T,Ah ’Ah Ap

v8ap - 38 47 - vl dP = sl daT + RT 4 1n Ap (3)4-)
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with respect to the relevant variables. Substitution of the
partial differentials with the appropriate partial molar
quantities in eq. 33 gives eq. 3l where the subscript h

is dropped from most of the partial molar quantities and
where Ah is the activity of the solvent, v is the partial
molar volume, a@d s is the partial molar entropy. Collect-
_ingvterms and considering Pg = P = fugacity (solute assumed

to be non-~volatile) eq. 3L can be written as eqs 35. This
(v8~v1) a P, ~ (s8-s1) @ T = RT @ 1n Ay (35)

equation can be further simplified to eq. 36 if‘(sgnsl) is
replaced by (h8=hl)/T and if it is assumed that v8 >> vyl
and v8 = RT/P, where h refers to the partial molar enthalpy

of the sppropriate states. However, (h&-hl) is the heat of

RT 8 - nl o
"PS"' 4ar u-r-l}—-T—l-l—- daT =,RT d 1n Ah | (36)

vaporization for the pure solvent. Eg. 37 is obtalned upon

inserting AShvap. and rearranging eq. 36.
d1n P - d1ln Ay = éﬁiﬁ%ﬂ?bd T (37)
= TRT o

For the solute eg. 38 is well known where the subscript

Ah
(vi - vS) A P+RT d In Ag = —fU8e g T (38)

S refers to the solute and the superscript s to its pure
crystalline phase, Ag to its activibty in solution and

A hp . to its heat of fusion. For the purposes of this
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- discussion the (vé - vg) d P term may be neglected as small.
When eq. 38 is rearranged and then added to eq. 37, upon
collecting terms, eq. 39 results. If the heat capacity

a 1n P Ag - Ahva_p,—!— A hfusﬁ._ a7 (39)
Ay RT2

effects are ignbred eq. 39 may be simply integrated to form

-»eq; LOo. P, however, is the vapor pressure of the saturated

in P Ag o - A hvap.+-A hrys, (l) + ¢ (hO)
An R T |

solution, Pg, and Ay = Pg/P, so that eq. LO can be written

as eq. 1. If the assumption is made that the solution is

an ideal binary mixture then Raoult's law is expected to

hold in eq. 42, where xg is the mole fraction of the solute.

Py = : ‘
Aszxs.-.——p-mP—OE'a - (,4-2)

When this substitution is made a particularly simple relation
between the vapor pressure lowering and the temperature is

given, namely eq. L3.

1n (Po‘Ps) - - A hyap, -;Ahfus.- (%)*C (43)

It is interesting to note that for a given change in
temperature the vapor pressurs lowering AP increases at a
greater rate than does the vapor pressure of the’pure solvent

P The Ahgp,,, term is responsible for this distinction.

s.
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‘Hence, it is to be expected that for the ideal case the vapor
pressure of the saturated solution will pass through a maxi=-
mum at some temperature T,, and that thereafter a decrease in
Pq will accompany any further increase in temperature. An-
other condition holding at Tm for the ideal case is eq. Ll

from which follows eq. L5.

| d Pg 5 |

T T = Mz(Ammh POA%WJ=0 , (Lly)
P.-P A

T A hvap- = ;o £ Ahpyg, (43)

Experimental Results. The interesting features of the

above model are exhibited by the cuprous chloride 3-hexyne
system. Pg, the vapor pressure of the saturated solution,
passes through a maximum as shown by the curve AB in Fig.37.
At A (5.2°) the vapor pressure of the saturated solution is
very close to that of the pure hexyne. However, aé the
temperature rises (Po”Ps) increases. The vapor pressure

of the saturated solution P4 increases until Ty (31.1°)
where P, is a maximum (57.1 mm.), thereafter Py decreases.
At B, however, all the crystalline complex had been dissolved
(n = 1,190). If more complex had been present, that 1s to
say, if n, the ratio of the total moles of 3-hexyne to the
moles of cuprous chloride, had been closer to unity, then
Pg would have continued downward to Pé as the temperature

increased. However, at B the vapor pressure of the solution
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 (no longer saturated) actually increased toward C. This
solution could be superccoled as indicated by the line BD,
When crystallization finally occurred (in one to 15 hours
after attainment of pseudo-equilibrium) the vapor pressure
increased to the vapor pressure of the saturated solution,
Py, as indicatéd in Fig. 37. -

| The experimental values of Pg,after crystallization
occurred, are given in Table 30 and are Iindicated by S in
the approach column.

When n was reduced to 0.954 and the system warmed
carefully to 44° (Ex.51, Table 31) the crystalline complex
(st1ll present at 37.7°) melted or dissolved at about
39.,3° with the formation of a white precipitate and a
solution. This is indicated as Pé on Fig. 37 and corres-
ponds to Té. |

An empoule containing 0.53 g. of 3=hexyne and 0.56 g.
of cuprous chloride (n = 1.1L), when warmed to llj.0 10.5°
similarly gave a white solid. When this solid was removed
from the ampoule and observed microscopically on a miéro~
hot-stage melting point apparatus no change occurred up
to 320°. Hence, it was surmised that the solid was cuprous
chloride.

Therefore it is assumed that at Té the reaction of
eq. 22 was taking place. Above Té the pressure percentage
increases rapidly and as indicated by eq. hé more rapidly
than for the pure alkyne (compare 12,0 Kcal,/mole with
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Table 30
Vapor Pressure Data for 3-Hexyne Solutions Saturated with

Respect to the Cuprous Chloride=-3-Hexyne Complex.

Ex. Equi. T Pg (PO-PS)ex (PO-P )cal Approach
Time eX, Y S °
" hrs. S¢ mm. mm, . ,

1 2L 27.31 72.5 22,8 22,9 A
2 22 29,92  7h.5 33.2 33.0 B
a 22 29,92  7h.6 33.1 33,0 A
28 33.92 T73.0 56,6 56,7 B
7 7 34.97 71.3 62.7 65.3 B
8 2l 33.92  72.9 56.7 56.7 A
9 23 32.32  73.9 46.5 5.7 A
10 29 30.33 7h.1 35.8 43.9 A
11 48 29.92  7h.0 33.8 33,0 A
12 o5 25y 69.3 17.8 17.6 A
13 33 24.36 67.7 15.0 15.1 A
ik 26 35.13 70.9 66.0 66,6 B
20 18 29.72  73.7  33.0 32,0 S
2 23 20,95 61.3 8.6 9,2 s
2 20 16.37 50.7 Lh.7 Le7 A
25 15 14.36 L46.6 3.4 3.4 B
26 & 15.37  L6.7 3.3 3.5 A
28 2 9.5L  37.2 1.5 1.7 3
30 g 5,92  30.7 1.1 1.1 B
31 2 Te72 3%.0 1.1 1,2 B
32 27 9,52 a .9 1.8 1.6 B
33 2 12,12 2.2 2.3 2. 3
3, 2 12.96  L3.8 2.7 2.8" A
35 148 13.66 L5.0 3.2 3.1 B
294 25 5.2 30,0 0.7 1.1 A
594 6 - 3.72 68.6 65.8 63.1 S

# Only one reading was taken; data not included in least
squares treatment.

In the Approach column A means PSex. was approached from

a higher temperéture, B means Psex was approachéd from

a lower temperature, and S means that the temperature was
constant and Psex was approached after a spontaneous change
of phases. ‘

log(P,~Pg) = = 5490.0L (%) +19.631

The standard deviations are o (A) = 0.27 and o (C) =
0.093 (see eq.lt7).
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’"A;hvap for 3~hexyne, i.e. 8.5l Kcal/mole). This is

interpreted as being an example of the reaction of eq. 23
T >TY log Py = = 2631.76/T 10.199 (L46)

(page 129), where less total cuprous chloride is present in
solution the higher the temperature. Above Pl the curve
EPévrepresents an equilibrium state, but the curve PéF like
BD represents a pseudo=equilibrium condition. Tﬁis'will

be the subject of a later discussion. ’

A plot of 1n(P, - Py) against the inverse absolute
temperature according to eq. U3 gives a straight line (Fig.
38). This is a truly remarkable result in view of the facts
that curve AB in Fig. 37 passes through a maximum while in
Pig. 38 curve AB is straight and that the solute conéentration
is very high. The fit of the experimental data to the line
is very good. The deviations observed at A (Fig. 38) are
within the experimental error. The datum is fitted to a least

square curve of the form eq. 47. From the A term according

to eq. 43 a Ahgp,g was calculated %o be 16.8 Keal/mole

-Ps)=A3‘-+c ' (L47)

log (P
o T

This is, of course, the same as the value calculated from

eq. U5 at T

The meaning of Ah and the reason for the recti=-

fus.
linearity of the plot is uncertain. The simple model above
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suggests that hqu. is the heat of fusion for the crys-
talline complex and that the solution follows the ideal case.
¥hen the composition data of the saturated solution in‘terms
of the mole fraction of the cuprous chloride=3-hexyne complex
are extrapolated upwards to T} (39.3°) the non~gaseous phase
is calculated to'be 98 percent complex at that tem?eréture.
'Howéver, it is known from calculations of N/ ¥ ' for cup~-
rous chloride 3-=hexyne system at 25° angd 19.9h° thaﬁ devi=-
ations from ideality do indeed exist. Thus the rectiline-
arity of Fig. 38 is probably fortuitous, however, a more
detailed investigation (especially of composition end mole-
cular weight in solutions at higher temperatures) should
prove interesting.

P, was calculated from the vapor pressure determinations
mentioned earlier according to eg. 2 and the values of
Table 6. The extrapolated vapor pressure at approﬁimately
35° deviates about 2 mm. from that expected according to
the boiling point and other vapor pressure measurementsg of
3-hexyne at isolated intermediate temperatures (37). This
would have a slight effect (one of lowering in pressure
the experimental data) at B; only the points above BhO
(below 3.25 on the 1/T scale on Fig. 38) would be noticeably
affected.

As was mentioned above the supercooled solution of
cuprous chloride (curve PéF) was not in equilibrium. Since
n = O.QSA, the equilibrium system does not include solu=-

tions but only the crystalline complex and the solid cuprous
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Fig. 39 Vapor Pressure Curves in the Region of Té
for the Cuprous Chloride 3-Hexyne Systenm.
chloride (besides the vapor phase). This is indicated in
Fig. 39. It is seen that below Té (39.3°) the cuprous
chloride~3-hexyne complex, cuprous chloride system has a
lower vapor pressure than the 3-hexyne solution, cuprous
chloride system. Hence it might be expected that when

crystallization occurs the vapor pressure is lowered to
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the corresponding P,. However, in a case observed (Ex.58,
Table 31), the vapor pressure actually increased (Ex.59,
Table 30), with the formation of the saturated solution.
However, this was just an intermediary pseudo-equilibrium
state since solid cuprous chloride was present, pre-
sumably protected’by the crystalline complex,
| Thermodynamically the presence of the four phases,

cuprous chloride-3-hexyne complex (solid), cuprous chlo-
ride (solid), 3-hexyne (solution), 3-hexyne (vapor), and two
components would specify a unique equilibrium state., Fig,
39 does not illustrate this however, but instead shows
three such unique states, If the crystalline complex in
equilibrium with the saturated solution is the same phase
as that for which PC was determined over the temperature
raﬁge of interest then Fig, 39 is in error. The disparity
is not expected to be due to the presence of a new crystal-
line phase but rather to an error in the extrapolation of
curve AB to Pé.

Té is calculated from the simultaneous solution of the
least squares curve for Pc (cuprous chloride-3~hexyne
complex) and for P (saturated with respect to cuprous
chloride). Té is found to be 39.3° while T4 has been cal-
culated as 66,0° (see Table 21).

The experimental data for the solution saturated with
respect to cuprous chloride (curve EPéF in Fig., 37) are

given in Table 31. These data were fitted to a curve of the

form eq. 148 by the method of least squares. The results
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‘are indicated in eq. 46 and Pg ., 1is compared with Pg .,

in Table 31.
log Pg = A/T + C (4L8)

Experimental Details., Unless stated to the contrary,

each measured_vapor pressure Psex.in Tables 29, 30, and 31 1s
the averagé of at least four readings. The equilibrium time
of the experimental data in Table 29 was at least one day.
The remaining experimental detalls were the same as those

given on page 116 for the dissociation vapor pressure study.

Table 31
Vapor Pressure Data for 3~Hexyne Solutions Saturated with
Respéct to Solid Cuprous Chloride.

Ex. %ggi‘ ? PS ox. Pscal. Approach
hrs. °C mm. mm.,
51 8 hlio13 79.6 79.5 B
52 26 43.5 77.8 7.4 A
53 ﬁ u1,7 70.1 69.& 4 A
55 : ol 38.85 59.1 58.2 A
56 ol 37.52 g3.9 ﬁ3‘5 A
57 2l 35,62 8.1 41.5 A
60 28 38.36 57.6 - 56, B
66 2 39.17 57.0 59.l B
67 48 9.15 57.0 Eﬁ‘B B
68 8 2,83 7340 74.3 B
584 6 3. 77 L5.7 5.0 A

# One reading only; data not included in least squares
treatment,

In the Approach column A indicates that the experimental

vapor pressure was approached from a higher pressure, B,
from a lower pressure.

log Py = = 2631.76 % +10.199

'~ The standard deviations are <o(A) = 2.8 and o (C) s
0.28 (see eq.l8).
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M. VAPOR PRESSURE LOWERING AS A FUNCTION OF TEMPERATURE FOR

CONSTANT COMPOSITION.

Association of a solute in a dilute solution may bé
detected by an abnormal lowering of the vapor pressure,  For
non-dilute solutlions it is difficult to interpret the data
correctly because of unknown activity coefficients. However,
changes in the degree of assoclation with temperature may be
detected because in non-ionic media activity coefficilents
are not strongly temperature dependent.

The vapor pressure difference between the pﬁre alkyne
and a non-saturated solution containing cuprous chloride
was determined for 2-butyne and 2-pentyne between 19° and
759, In order to have comparable studlies, the mole fraction
of the cuprous chloride in each alkyne was sbout the same
(0.1). This concentration was necessary in order to obtain
significant measurements for the 2-pentyne syétem at room
femperature. Such a high mole fraction of soiute has the
additional advantage that whenever dissociation effects
are strongly temperature dependent, then the percentage
change of the specles in solution will be greater than for
the more dilute solutions, in which some dissociation has
already taken place.

Theoretical. The effect of temperature upon the percent=-

age vapor pressure lowering will be considered in a simple

example,
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Earlier (page 1L43) J'/N is defined by the modified
Raoult's law, eq. 28, here called eq. 49. (Po—-P)/P° is

equivalent to (1-Ah), where A, 1s the activity of the solvent

PO'-*P” 1 ‘

in the solution;’ If the percentage vapor pressure lowering
isvdifferentiated with respect to temperature, holding the
concentration of all the species in soclution constént,after
equating (ledy) to xg* §'/N, eq. 50 follows immediately,
where x, is the mole fraction of the solvent and Xh is its
activity coefficient. The experimental method requires
that partiai differentiation with respect to temperature

is not at constant pressure, eq. 50,

( 9(]'1‘ (POP: P)xz Eﬁ(gi’)xg ) Xh(; ih)x : 0

Dividing eq. 50 by the constant Xq and multiplying the right

hand term by h/ X£ gives eq. 51.
( D (?, ..p» 1(__9__1_*_) Xy fh(aln Xh) (51)
QT\PO xg /o 0 T / Xg JT x
However, ( J 1ln Xh/ J T)y in this equation is given by

eqe 52 and 53, where the superscript # refers to the state

(aTlrﬁ"‘): (ﬂ%)t (%)T (—;7%) (52)

3 - U | |
- oagghemspl (), e
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“of the pure solvent. The term (h~h*) is evidently the
partial molar heat of mixing and 51milarly (vh-vh ) is
the partial molar volume change for the solvent upon
mixing. As a good approximation for the present experiw

mental cases it may be assumed that eq. 5l holds. Hence,

A

9 P) ( J Po)- - hyap, (5L)
( J T d T /equil. - RT
when the appropriate substitutions are made, eq. 51 can be

rewritten as eq. 55.

Py = P xn heh®  vh=vh®  Ahyap,
DT(PO - -3 h(... i+ Yovh” , ABvep.) (55)
xs s RT RT . RT

However, since the effect of pressure upon the activity
coefficients 1s usually negligible the furthermost right
hand term may be ignored. The heat of mixing for the non=
electrolytes, especially for non~polar solvents, may be

expected to be small also, hence, eq. 55 simplifies to eq. 56

"y ]
(2 (% ) =3 (2L) -0 (56)
This indicates that for the cases considered (Eg—i;g)
o 48 x

should be independent of temperature. Therefore large
deviations from constancy of J'/N as a function of temperw
ature must be explained on a basis different from one de=~
veloped on activity coefficient dependency upon temperature

and pressure.

Calculation., In addition to the measured value of (PO-P)
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it is necessary to know Po as a function of temperature.
The large range of temperature precluded an extrapolation
of the data for P (summarized in Table 6) from being used
with assurance. However, for 2-butyne the pressure'Po was
calculated from the formula given by Heisig and Davies

(Table 6) of the form of eq. 57. For the purpose of cal=-
1 - :
log Py, = A ; + Blog T +C (57)

culating P  for 2-pentyne above 25° the following subter-
fuge was employed, namely, extrapolating eq. 57 using A as
given for 2-pentyne in Table 6, and using constants B and C
determined from the boiling point (56.12°) and the known
data at 25°.

The values for B and C were determined as 0.50832
and 8,211456 respectively. P, as determined from this method
of calculation is estimated to be within a maximum of 2 per-
cent of the actual vapor pressure of pure 2-§entyne over the
temperature range 25° to 75°. Agreement will be perfect at
250 and 56.12° with the maximum disagreement occurring at
about 40° and 75°. |

The varying amount of alkyne in the vapor phase was
considered in the calculation of the cuprous chléride méle
fraction for the solutions. The change in volume of the
system due to the expansion of mercury and the liquid solu=
tion as a funetion of temperature wés neglected. (Po ~ P) was
of course corrected to pressure in terms of mm. of mercufy

at 000
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Results. The results for the systems cuprous chloride
2-butyne and cuprous chloride 2=-pentyne are summarized 1in
Tables 32 and 33, respectively, as N/ ¢ '. These values are
plotted (with the anticipated error for the experiments
when it is appreciable) as a functlion of temperature in
Fig. LO. For both systems a general decline in N/ Y1 1s
- indicated. The decline for the cuprous chloride 2-butyne
system is well represented by a straight line. Howéver,
for the 2-pentyne system the rate of decrease, much greater
at first, changes at about LL® to a lesser rate comparable
with that of the cuprous chloride 2=butyne system. The
variation of Xea01 wlith temperature and its difference
between the two systems is not expected to be of signifi-
cance for the discussion.

At all times the solutions remained clear and colorless
and at no time was a precipitate observed. Furthérmore no
reaction (as indicated by pressure measurements and appear=
ance) took place even though the temperature of the system
was about 50° for several days. Equal pressure changes,
due to a possible reaction occurring to the same extent
in both the solution and the pure solvent would of course
go unnoticed.

Discussion of Results. The change of 11 percent in

N/ ¥t for the cuprous chloride 2-butyne system over a 500
temperature range may not be of a significant nature due to
the assumptions made at the end of the thecretical dis-

cussion. The author, however, belleves that this change
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Table 32

AP and N/ f! as a Function of Temperature for Cuprous

Ex.

O O~ MWW o

No.

of

Obs.

O @@= M\ -

NOOEEEENE N O NDEOMNTN

Chloride Dissolved in 2-Butyne.

T
oC

25.05
29.41
30.26
37.6
2.8
LL1.32
1.87
hi.72
51.80
58.0
58.1
59.17
75.16
7.15
T.18
68,02
43.57
21.00
19.37
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mme
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Po  LEx102
Po
m.
710 3.1
826 3.&%
851 3.2
1096 3.31
932 3.26
1225 3.38
1259  3.38
1253 3-&’4—
171 3.47
205 3.58
2062 3.56
2122 3.56
3245 3.81
1%88 3.43
26l12 3.
2701 3.72
1330 3.39
608 3.22
571 3.1
Table 33

Xcucl

0,100
0.100
0.100

0.100

0.100
0.101
0.101
0.101
0.101
0.102
0.102

0,102
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0,102
0.102
0.101
0.100
0.100
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P and N/ ¢ ' as a Function of Temperature for Cuprous
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results from the veriation of the chemical species present;
expressively, that dissociation is occurring, the reaction
for which has & low enthalpy change in the liquid phase. It
appears in general that the total_number of moles of solute
élbwly increases with temperature. The predominant species
for the 2-butyné system appears to be the trimer, The same
situation may be true for the cuprous bromide 2-butyne
system at 25°_at a much lower concentration sinée N/ ¥' was
found to be 2,7 ¥0.6 (Table 29).

Definite changes occur in the cuprous chloride 2-pentyne
system in a 20° temperature range. N/ ¥' is reduced 25 per=
cent, indicating that considerable dissociation takes place,
possibly of the form eq. 58, with the breaking of cuprous

m(CuCleUn), (soln.) = n(CuCleUn)y(soln.) (58)

halide bonds. However, at 450 the reaction appeaﬁed to be
essentially complete. After L,5° the 2-pentyne system was
similar in its aspects (from Fig. Lj0) to what the 2-butyne
system might be below 25°,

For both systems the continued decrease in N/ ¥ ' above

4S® may be due to a reaction similar to eq. 59.
(CuCl+Un)(soln.) = CuCl(soln.)-+Un(soln.) (59)

Experimental Details. The apparatus used for these ex-

periments were constructed from two pyrex Erlenmeyer flasks
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(10 ml.) joined to the opposite sides of a manometer con-
structed of 18-mm. tubing. Glass enclosed mites for mag-
netic stirring were placed in each flagk. These were used
in conjunction with the magnetic stirrer i1llustrated in
Fig. 1. The tops of the flask were joined by tubing to
form a "tee" and then to a standard taper ground glass
joiht. The joint, the length of straight tubing, and one
of the flasks were coaxlal. After the system had been
degassed cuprous chloride was introduced into one of the
Erlenmeyer flasks by a tared funnel through the above
mentioned straight tubing. The apparatus was then evacue
eted and degassed for three days after which time the
alkyne from storage prepared as indicated on pages 62 and
63 was condensed into both flasks and the tubing sealed,
Approximately equal eamounts of the alkyne were present
in the two flasks after sealing. The weights of the
materials used to form the solutions for the 2 systems
were 0,60l g. of cuprous chloride, 3.357 g. of 2-butyne;
and 0,607 g. of cuprous chloride, 3.592 g. of 2-pentyne.
The volumesof the two systems at zero pressure difference
at 25° were estimated as 26,2 ml. and 22,9 ml, for the
cuprous chloride 2-butyne and cuprous chloride 2-pentyne
systems respectively.

Inasmuch as the entire spparatus were submerged below

the water level of bath No. 1, 1t was necessary to read
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the pressure differences through the glass walls of the jar.
As previously checked with a graduated steel ruler in the
bath no significant error (greater than ¥0,15 mm.) was
was introduced intec the pressure measurements by the glass
walls in the region of intended observation.

No observation‘was taken in less than Y hours after
equilibration at constant temperature. Intermittent
stirring was provided during and after equilibrafioh.

Most observations were separated by at least 2 hours and in
some cases up to Ly deys. The average temperature deviation
for Tables 32 and 33 is estimated at 10,03°. The thermo=-
meters used, graduated in hundreds of a degree, were
calibrated at several temperatures with & certified N.B.S,

thermometer. Stem corrections were applied.
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N. INFRARED ABSORPTION BY THE CUPROUS HALIDE-ALKYNE COMPLEXES.

A survey of the infrared absorption spectra of the com-
plexes of interest has been made. Solutions of cuprous
chloride and cuprous bromide in pure alkynes (2=-butyne, 2-
pentyne, and 3-hexyne) are active in the infrared and show
a2 sharp characteristic absorption peak at approximately
2080 wave numbers. For the 3-hexyne and 2-pentyne solu-
tions this peak is a doublet with the less intense member
at longer wavelengths. However, for the 2-butyne solutions
the doublet is unresolved, and the characteristic peak has
a shoulder also at longer wavelengths.

Experimental Details. The instrument employed in this

study was a double beam, automatic recording, Perkin-Elmer
infrared spectrophotometer. The spectra of the solutions
were recorded in a 1,0-mm. sodium chloride cell with the
pure hydrocarbon in the matching cell. Solutions of known
concentrations were prepared in the apparatus shown in
Fig. 1. The cuprous halide was introduced into the appa-
ratus by means of a funnel through stem "S", The apparatus
was then reweighed, fitted with a new size A serum bottle
stopper, and evacuated. A known weight of alkyne was dis-
tilled into the flask and the cuprous hallde dissolved.
Prior to the removal of solution nitrogen at one atmos~
phere was admitted to the apparatus. The solution was re-
moved from the apparatus in the absence of alr and trans-

ferred to the cell with the ald of a hypodermic syringe.
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" Nitrogen pressure In the
apparatus aided the removal
of the 2-butyne solutlions.,
The stopcock of the apparatus
was greased with "Silicone".
Results. The results of
the survey are indicated in
Table 3. The second column
in the table indicates the
stopper
member of the doublet de~ !
scribed for those absorption

peaks which are split; 1 de-

notes the member of the doublet

at the higher frequency. In
the succeeding columns are

given the carbon-carbon triple-

bond stretching frequencies for

Fig. L1 Apparatus for
the various alkynes and the the preparﬂgion of

separation A 1/ %# of their solutions.

doublets; the position of _

the absorption peaks 1/'>\for the solutions and the separa-
tions Aib/>\ of thelr doublets; the approximate extinction
coefficlients, E, calculated according to eq. 60, where 4

is the length of the path; the mole fractlon of cuprous
halide in solution; and the frequency difference,(1/>\*-

l/)\ nax.) ¥here >f‘refers to the wavelength in centimeters
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of the carbon-carbon triple-bond stretching frequency and

where >\max. refers to the wavelength of the strongest

Optical Density = E { xoux (60)

maximum of the absorption peak of the cuprous-halide alkyne
solutions._ |

The exact positions of the absorption peaks for the
solutions are in some doubt as they occur in pléces where
the alkyne is moderately strongly absorbing and where the
optical density of the alkyne is rapidly changing. The
maximum error for the positions of the maxima as 1isted
in Table 3L is estimated as 1T 5 emsl.

For the pure cuprous chloride and cuprous bromide
solutions the strongest absorption peaks observed in the
range 2-15 microns are those characteristic ones at 2080 cm>t,
Other absorption peaks observed are very broad 1n.compari-
son and occur at longer wavelengths. Some of the peaks are
probably spurious as they occur in regions where the solvent
is very absorbent, and the intensity of_other.peaks seems
to depend strongly on the purity of the cuprous halide.
However evidence for this latter observation is scant.

The low solubility of the cuprous bromide-2-butyne complex
severely restricts the range of concentrations which can
be studied.for the cuprous bromide 2=-butyne system.

Discussion. It is unlikely that the presence of the
absorption peaks of cuprous halide sélutions can be correct-

ly attributed to the vibration spectmmof the cuprous
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halide molecule. A large change in frequency would be
expected when cuprous bromide is substituted for the
cuprous chloride in solution. This was not observed.

The activity of the solution in the infrared at
2080 em7l is very likely due to the carbon-carbon triple=-
bond stretching mode activated by the presence of the
copper atoms. The electronic structure of the triple-
bond in the complex has apparently undergone a profound
change but in the concepts of current ussage, the triple=
bond is still present. The triple-~bond stretching fre=-
quency (1/ A #) for the alkyne in Table 3l 1s not infra-
red active 1ln the presence of ordinary solvents. Its
gctivity associated with the presence of cuprous halide
indicates that a dipole moment, which chenges as the
carbon atoms move in the directions of the normal vib=
rations for the frequency considered, is present in
the complexes. The constancy of the supposed shift
(ca. 175 wave numbers) independent of the system is
strong evidence for the above explanation.

The magnitude of the shift 1s a measure of the in-
fluence of the copper atom. Taufen, Murray, and Cleve-
land, (50), observed in Raman spectra a frequency shift
of 60-70 em™! for the carbon double-bond stretching mode
of four olefins dilssolved in concentrated aqueous silver
salt solutions. For mono-alkyl ore-aryl substituted

acetylenea in concentrated aqueous silver salt solutions
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.they observed a frequency shift of approximately 118 cm:l
in the triple-~bond stretching mode. However, they indi-
cated that the alkyne was probably in solution as the
acetylide. Chatt (51), for a number of the platinous
chloride-olefin complexes, reported a frequency shift

of approximateiy a 143 wave numbers. In magnitude then
the largest shift observed for metal salt-unsaturatedk
hydrocarbon‘complexeﬁ has been in the cuprous,haliae-
alkyne series. Percentagewise (l.e.,(1/ >\%al/>\max.')/ >\*
x 100) the shift for the cuprous halide alkyne systems

is almost as large as that (8.70 percent) observed by
Chatt for the very stable (in comparison) platinous
chloride~olefin complexes,

Doublets. The doublet observed in Raman spectra at
approximately 2270 emsl for pure alkynes containing fhe
carbon skeleton C =« C = C « C has been a subject_bf some
interest inasmuch as it was unexpected. Thé_most prob-
able explanation (49) was first offered by Badger (52).
His suggestion was that the doublet was an example of
Fermi resonsnce (53), i.e., accidental degeneracy, caused
by the frequency colncidence of an overtone of a carbon-
carbon single-bond stretching mode with the triﬁle-bond
stretching mode. It should be remarked that the maxima
of the doublet have equal intensities. As indicated in
Table 3l the separation of the maxime 1s approkimately

72 wave numbers,
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The doublets observed (2~-pentyne and 3-hexyne solutions)
in this study are illustrated in Fig. L2 to 47. It is seen
at once that the maxima are not of equal intensity and that

l'region.

little or no absorption is present in the 2270 cm.
The suggestioni that these doublets may be examples of Fermi
resonance (less pronounced) 1s supported by the observation
that the frequency shift is constant for each alkyne. The
mode of vibration whose overtone 1s responsible for the de=-
generacy is uncertain and plausible guesses as to its iden-
tity must await definite structural information. If the
carbon=-carbon stretching mode mentioned above in connection
with the pure alkyne Ferml resonance is also related to the
doublets observed in the spectra of the cuprous halide
alkyne solutions, then the force constant for this carbon-
carbon stretching mode must be lowered an amount proportion=
al to the percentage decrease observed for the triple-bond
of those alkyne molecules which are complexed#. Hence, this
hypothesis would require that both the carbon-carbon triple
bond and the adjacent single bonds would change their bond
lengths (increase) and bond order (decrease). In a similar
case the stretching frequencies of the carbon-hydrogen bond
adjacent to the double-bond in olefins has indeed been ob-
served to shift to longer wavelengths when the olefins were

complexed in aqueous silver nitrate solutions (50).

#Professor Badger, private discussion.
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However, other explanations are by no means excluded.
The possibilisy of several complex species in solution has
already been mentioned. Thus it may be that the triple-
bond stretching frequencies for the different species are
separable into two main groups. One possible species
which would account for an additional lowering of the
triple-bond stretching frequency is that characterized
by the interactions of a single alkyne molecule with two
cuprous halide molecules., However, this possibility is
not supported by the meager evidence available. The
extinction coefficient E for the less intense maxima
as calculated by eq. 60 does not show a dependency in

the expected manner upon total cuprous halide present.
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0. ULTRAVIOLET ABSORPTION BY THE CUPROUS HALIDE~ALKYNE

COMPLEXES IN n-HEPTANE.

In view of the nescessary electrodynamic nature of com=-
nlex bond formation it 1s reasonable to expect that changes
in the ultraviolet spectra of olefins and alkynes will
accompany their molecular association with mebtal salts.,
These expected changes have not been noted# for the cup-
rous chloride-oiefin_complexes%% (5l4), possibly because
the investigators did not examine the spectra below 3200 A.

However, cuprous chloride and cuprous bromide dissolved
in heptane solutions of disubstituted alkynes absorbed
strongly in the ultraviolet (2200 - 2700 A),

FExperimental Detalls. n-Heptane solutions containing

1 to 6.6 mole percent alkyne were prepared with the aid of
the high vacuum apparatus. Known weights of cuprous chlo=-
ride and cuprous bromide were dissolved in weighed amounts
of heptane=alkyne solutions in glass stoppered flasks.
Fused silica cells with a path length of 1 cm. were used:
the compensating cell was filled with the heptane-alkyne

solutions. This work was expedited by the availability of

s To the author's knowledge the ultraviolet spectra of the
platinous chloride=olefin complexes have not been inves=-
tigated, although these complexes are yellow,

##% The strongly colored (yellow) cuprous chloride complexes
of dicarboxylic acids, such as fumaric and maleic acids,
obviously represent special cases (55, SL).
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~a "Cary" Recording Spectrophotometer in the Crellin
laboratories.

Commercial n-heptane was purified as described by
Helmkamp (56).,

Results. Table 35 gives the concentration of the alkyne
in mole percent; thé concentration of cuprous héliéé in
mole percent and in moles per liter of solution; %Inax,,
the wavelength of the maximum of the absorption peéks; and

E s the molar extinction coefficient for A The

max max, "

spectra as a function of cuprous halide concentration for
the systems, heptane 2-pentyne cuprous bromide and heptane
3=hexyne cuprous chloride are indicated in Fig. L8 and 49.

The variation of >\ and Emax. for the latter system

maxe.
as a function of cuprous chloride concentration is shown

in Pige 50 and 51 respectively. In general the observed
absorption in the ultraviolet is between the wavelengths

2200 A and 2700 A, However, heptane-3-hexyne solutions
containing large amounts of cuprous chloride absorb strongly
as far as BiOO A. At this wavelength the absorption spectrum
declines very rapidly to a negligible optical density: no

absorption is noticeable at greater wavelengths.

Discussion. As in the case of the infrared spectra

the general shape and position of the absorption curves
in the ultraviolet are not dependent on the halide but
dependent only on the alkyne. Thus Fig., 48 is character-

istic for the heptane solutions containing 2-butyne and



181

sanqgeaedueq oyl

0995
0S¢t €
0 mw
0
020
0€0
081
09.L1
om L
05t g
oThL
0525
0051

HIA.EU.EV

*XBU
o

6922
g géte
slee
00te
ofi€e
09€2
£otfe
XX
6922
glze
glee
LE€e
124

v

wN@E/A

o~

oA NN

*UOT1RIQUS OUOH JO UOTZ0UN B §8 JU8TOTJII0)

$05¢C

oAH

TRE°0 955°0
9e6°0 0L€°T
GET*0 66T°0
2l2*0 0017*0
gsti*o 699°0
219°0 006°0

LT6°0 €6E°T
Lss°0 Htg°0
6592°0 LE®O
00€°0 mm1o

TLG®0

LOM*O g5°0
:JMwo Mwwwo

cOT X 20T X
JeTow o Tou

nmmcﬁﬁmm snoadngp

*PSTTOIJUOD 40U SBM JIO9AIMOY

TL°f
TLeM
0T°T
0TI
o1t
0T°T
0T°T
LY
9°9
19°9
19°9
8T°9
8T*9

9o Tou
SUANTY

U0 I Q2B L9 USOUO D

agny

ond

Jdqap
ond
agnp
0ond

epPTTBH
snoadngp

qe SOI3ISUSP uUMOUY JO STSBq 9YJ UO pejzeInoTe) q
8309) O% uo peseq ‘queoaed G*T~T ANOQE JOJIJIH ¢

ouULX o=t

oukjuad=2

aulang=2

auLNTY

UOT4oUILX" JBTON PUB "XEU toueqdey ul sexerdwos asInosTol JO BaAj3oedg 39TOTABJIITIA
)

gt °Tqel



3.0_1

2.0

Optical Den

182

Ultraviolet Absorntlion Spectira

| | | ] | T
24 25 26 27 28 29
A (A)

ot ahbsorption snechtra for n-heptane
. 4 - B
ning P=ventvie (6,61 mole percent) and
{ o N aTeh ey » -~
: VA, 0.OC1IZ2 M3 B, D,00030 M; C, 0.,00026
unknown concentratlon ).



183

Ultraviolet Absorption Spectra
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cuprous chloride or cuprous bromide, and 2-pentyne and
cuprous chloride or cuprous bromide, and Fig., 49 is
characteristic for the heptane solutions containing
3~hexyne and cuprous chloride or cuprcus bromide. De=-
tailed featﬁres such as the exact values of "anx. and
Emax.’ however depend on the cuprous halide concentration
and on the alkyne concentration. Hence, it is immediately
epparent that more than one species in sclution is respon-
sible for the absorption spectra. Fig. 51 shows graphi-
cally that the specles primarily responsible for the

spectra at shorter wavelengths in the alkyne cuprous

chloride sclution are more strongly absorbent than those
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-~ that absorb at higher wavelengths. However, Fig. L9 in-
dicates that their concentration remains almost indepen-
dent of the total cuprous chloride present after Xoucl
reaches a certain value. Hence, there is little doubt
that in these solutions an equilibrium is involved between
two or more SpQCies. .

Although the identities of the different species
are unknown their intense absorption is certainly due
to the presence of the cuprous halide since acetylene
and alkynes absorb only weakly in the wavelength range
2200-2700 A (57).
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P. THE UNIT CELL AND SPACE GROUP OF CUPROUS CHLORIDE=-

2=-BUTYNE COMPLIX.

Introcduction. In view of the paucity of our knowledge

concerning the configuration of the components in the cup-
rous halide-alkyne complexes, it was considered desirable
to undertake a structural analysis of a representatiﬁe
member stable at room temperature. Due to the non-vola-
tility of the complex as such, electron diffracfion

methods are inapplicable. Since single crystals of the
complexes were avallable an x=-ray investigation was initi;
ated. The cuprous chloride-2-butyne complex was chosen
because of the expected simplicity of the organic component
and the favorable atomic numbers of the ilnorganlc component.

Unit Cell and Space Group. The dimensions of the unit

cell and the possible space group of the crystalline complex
cuprous chloride-~2-butyne, were determined from the diffrac=
tion patterns of single crystals sealed in thin-walled
capillaries. The complex was found to be monoclinic with

the following dimensions:

a = 10.36 t0.01 A ¢ = 13.00 *0.01 A
b = 8.80 10,01 & B = 96,62 +0.10°

On Weisenberg photographs of the (hOl) layer made with
unfiltered copper K _ radiation and with copper K. radiation
filtered through nickel, reflections from the respective

planes were observed up to h = 13 and 1 = 16. The inten-
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sities measured from multiple photographs varied from
1l to 3300 on an arbitrary scale. Of the approximate
720 possible reflections in the (h0l) layer 13l were
actually observed. All of these were of the form h+1
= 2p, where p 5 an integer. Equi-inclination Weisenberg
photographs of the next seven layers were taken using
-copper radiation.

The (0kO) reflections were examined up to k = 13
using the procession camera with molybdenum K radlation
and a zirconium filter. In particular the (0kl) net was
observed, Of the (0k0) reflections roughly 50 vercent
of the total observed intensity was associated with the
odd reflections. Hence, a twofold screw axis is not
expected to be present., Similarly, reflections of all
other types were present. The probable space groups are
Cg = Pn and Cgh - P% .

The temperature of the crystal during the determina-
tions of the lattlce constants was taken to be that of a
thermometer lying on the base of the camera, i.e. 27.0%
0.5°. The density of the crystal at this temperature
was calculated to be 1,727+ 0,006 g./ml. assuming 8 mole-
cules of the form CuCl-ChH6 per unit cell and assuming
the formule of the density (57) to be eq. 61. The density

as measured at 25.00° (see Table 27) was 1.730 20,003 g./Cfisa

1.6602 E atomic wt. of atom i (61)
1

¢ = @bec sin

unit cell
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Detalls of Investigation. The single crystals used for

the x-ray analysis were prepared as follows: approximately
0.2 g. of cuprous chloriae was introduced in an apparatus
simlilar to Fig. 2 by means of a long stemmed funnel. The
apparatus was then evacuated and by high vacuum techniqgue
approximately 1 ml., of 2~butyne was condensed into bulb "B",
The apparatus was then sealed and the ground glass joint
removed. ‘When the seal was cool the apparatus ﬁas inverted
and the cuprous chloride allowed to react with the 2-butyne.
The solution was then allowed to enter the capillary.
Crystals were formed as the excess butyne was carefully
distilled into bulb "B" which for this purpose was placed
in a bath the temperature of which was somewhat below
ambient. Ixamination of the crystals thus formed with a
polarizing microscope indicated their desirsbility. Un-
desirable crystals were dissolved in the alkyne bj the
local application of heat, i.e. the approach of a hot wire.
Repetition of this gave single crystals which filled the
entire capillary and whose b axis was parallel, within 20,
to the axis of the capillary. The length of these crystals
was increased by placing the entire apparatus in a bath
that was slowly warmed to approximately 35° and allowed

to cool over anight te 0°. This method was repeated until
the length of the single crystal which filled the capillary
was approximately !l mm. long. The apparatus for growing

the crystals was prepared as below. An X~-ray capillary
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(0.23 mm.dia) was joined to pyrex via a graded seal
between pyrex and lead glass. The apparatus before use
was thoroughly washed with distilled water and redistilled
acetone., Considerable care was used in the construction
and handling of the apparatus as the x-ray capillaries
were fragile.

| The single crystals were sealed in the respective
capillaries by means of a tiny gas-oxygen flame. .For
proper sealine and to protect the desired crystal from
the solvent effect of hot excess alkyne i1t was necessary
to.remove excess sclution and unwanted crystals from the
immediate locality of the seal. However, it is thought
advantageous to seal a small excess of solution with the
single crystal as this practice seems to delay the de-
struction of the crystal by radiation. Sealing wax was
used to coat the glass seal. However,_in two atteﬁpts
where a microscopic exemination of the sealing wax re-
vealed no imperfection in the coating the single crystal
was destroyed within 2li hours through the loss of 2-butyne.

Prolonged exposure of the single crystal to x-ray
radiation (either copper K, or molybdenum K _, ) resulted
in its ultimate destruction. In the cases of well sealed
samples (as indicated by the long life of the crystalline
complex) the path toward destruction was as follows:
(1) After approximately 50 hours of exposure (for cop-

per X _, 15 ma. at 40 K.V.) the irradiated portion
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of the gample develoned a light yvellow color that did
not apvreciably increase 1n intensity with the fncreased
exvosurs, Low order diffuse spots were apparent on heavily
exposed f1lm. Abous helfl of these spots seemed uarslated

to any expected reflection.

{11) By comparison with the avpearance of the unexposed

sample, the exposed sample showed an increased volums after

1.8 - 4 | - N E o
nis was surmised from the

100 hours of exposure T
eflecting power of the irradiated nortion; 1t appeared
“hat it was In closer conbtact with the capillary wall than

the femainiﬂg part of the crystal,

(111) After 200 hours exposure the relative intensity
of the diffuse spots had considerably increased (factor of
about 50 percent). Multiple fractures anpeared throughout
the exposed portion of the crystal bubt not in the adjoining

]

unexposed crystal. Shortly after thi s event the diffraction
photographs indicated the pregence of randomly oriented
cuprous chloride crystals and the exposed portion of the
crystal became somewhat opaque. This catastrophe did not
spread to the unexposed crystal, but was limited rather
sharnly to the radiated volume.

Since the unigue crystal axis was in the direction of
the cylinder axls the polarizing microscope and the Laue
diffraction camera were useiful in orienting the crystals.

iy,

‘ne length of the 1 axis was determined using nickel

Tiltered copper & 4 radlation from two oscillation photo-
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" graphs, (15° oscillations) which were calibrated with
fiducial marks. The diameter of the camera used wes
10,016 10,002 cm..

The axial lengths a and ¢, and the angle/B were
determined with the aid of a single crystal rotation
photograph using covper K radiation filltered through
nickel. The camera diameter was approximately 10 cm.
and the film arrangement used was that of Straumannis.
The back reflections observed on the photograph were
indexed with the assistance of a zero layer Weisenberg.
Thése reflections and their Intenslities on the scale
mentioned above were (10 0 6), (5 0 11), (I 0 12),

(0 0 1), (I0 o 8), and 46, L3, 17, 15, 25 respectively.
On the rotation photographs the reflections (10 0 6)

and (5 0 11) were superimposed upon one another. The
calculated separation of the reflections due to the
wave length difference of K, 1° and X o 5 Was equal to
the observed separation within experimental error. The
observation of the superimposed reflections was not
confused by the presence of any other reflection of
appreciable magnitude. The width of the reflection

was found to be the same as that of (10 0 8) and (4 0 12)
within experimental error.

In the calculation of a and ¢ the cos s term was
eliminated from the equation for 1/4 (16 0 6) &nd

1/4 This was tantamont to taking a weighted

(5 0 11)°
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average in l/dhkl measure; the respective weights were
11 and 12. Since the reflections were superimposed or
very nearly so and since thelr relative intensities
were the same wlithin experimental error the measurements
of the scattering angle on the rotation.photograph of the
combined reflections was the same as taking a weighted
-average position in 'scattering angle measure' where
each spot was weighted equally. Thus the procedﬁre of
eliminating the cosine term results accidentally in
an equation which was relatively insensitive to the
actual location of the reflections as long as the aver-
age position of the two spots was nearly correct. This
led to an equation which had less error associated with
1t than would be the case 1f the two reflections were
distinct and hence measured separately.

Following Bragg (57) it was assumed >\K eqﬁals

X t
1,505 A° and >\K . equals 1.54}43 A®. The measured
scattering angle was corrected for the shift due to the
absorption of radiation by the sample assuming a diver-

gent beam and assuming that the mass absorption coefficient

equals 0.1 (calculated; 0.103) (58).
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Q. OTHER SYSTEMS STUDIED.

The Investigation of the reaction of the triple bond
with cuprous and silver salts was extended to other systems
in order to note the universality of the reaction and the
general characteristics which might be associated with the
complexes formed. The ligands studied include not only
other alkynes and alkyne derivatives but also acetonitrile.
This latter ligand was chosen because of the relationship
of its functional group to the carbon-carbon triple bond
and because of its volatility (100 mm. at 27°), which is
comparable to that of 3-hexyne.

Some of the preliminary studies described below were
carried out in stoppered test tubes, others were made under
oxygen-free conditions in ampoules (see page 2L).

System; Cuprous Chloride and 2-Heptyne. Although

2=-heptyne dissolves considerable qualities of cuprous
chloride to form a colorless viscous liquid nolcrystalline
products have been observed. The ampoule containing the
system has been studied under a variety of cohditions and
has been at ambient temperatures'for 9 months. The liquid
decomposes under low heptyne pressure to the starting
materials,

The 2-heptyne had been previously prepared by Helmkamp
(59) and stored in oxygen-free ampoules,

System; Cuprous Chloride and 2,2,5=-Trimethyl-3=hexyne.

This alkyne readily reacts with cuprous chloride in an
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ampoule to give small, clear, colorless crystals. The
alkyne was obtained from an ampoule prepared by Helm-
kamp (60).

Systems Cuprous Chloride and Di-t-butylacetylene, In a

sealed ampoule cuprous chloride dissolved in the branched
alkyne to form a colorless crystalline sclid when chilled
briefly at 0°. This solid is stable at room temperature
and is not easily decomposed compared to the 3-hexyne
complexes. The decomposition point however is not known,
The crystals are small laminae similar to that indicated
in Fig. 16.

The alkyne had been prepared by Helmkamp (61) and had
been stored in a sealed ampoule free of oxygen.

System; Cuprous Chloride and 2-Heptyne=l-ol. The com-

plexes formed by this system can be prepared by mixing
sufficient cuprous chloride with the organic phase. When
this is done a very viscous solution is obtained which
soon solidifies to form very small colorless needles. At
about 40° these needles are quite soluble in excess alkynol.
On a hot stage melting point apparatus the crystals melt at
46.8° and the melt decomposes at 19° into cuprous chloride
and the liquid alkynol.

2-Heptyn=l=cl was used as received from Farchan,

System; Cuprous Chloride and 3-Heptyn-l-ol. The complex

crystals of this system are quite different in some charac-

teristics from those described above. Although cuprous
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chloride 1s quite soluble in the alkynol the complex
crystals are not readily formed. They appear after a
week's time at room temperature. The solution was pro-
tected during this time since oxidation of the copper
halide had been noticed after 2 days in an unstoppered
tube. Once formed, the colorless crystals are very hard
and decompose on a hot stage melting point apparatus at
153-156°, 3-Heptyn-l-0l was used as received fromearchan.

System; Cuprous Chloride and 2,5~Dimethyl~3-~hexyne-

2,5=-diol, arm concentrated acetone solutions of the
alkyndiol dissolve small amounts of cuprous chloride to
form colorless crystals when the solutions are cooled to
about 15°. The reaction product is stable for long periods
of time in the presence of air. However, slow oxidation

of the cuprous chloride gives the product a 1ight_green
appearance after the passage of a year.

When examined on a hot-stage melting point apparatus
the complex crystals are first observed %o turn black atb
72.0°, however, some of the complex crystals did not de=-
compose until the temperature was at 86°. The complexes
dissociate leaving behind a white solid (cuprous chloride)
which appears black in the field of a microscope.

It is interesting to know that at 72.5° different
crystals appear in the field and grow in the absence of a
liquid phase. These well formed crystals melt at 94-96°
although many of them disappear (sublime) before this

temperature.
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The alkyndiol (m.p. 94~96°) was used as taken from
a sample given by Air Reduction Chemical Co..

Gilman, Bukhovetc, and Meilakh (62) have prepared a
yellow platinous chloride complex containing 2,5-dimethyl-
3=hexyne~2,5-diol and pyridine as the ligands. This complex
represents the only known platinous chloride~alkyne éom-
pound even though Chatt (51) has attempted the preparation
of similar complexes involving simple disubstitubted alkynes.

Systems Cuprous Chloride and l-Bubyne., In a tared

ampoule 0.836 g. of cuprous chloride dissolved in 1.6 g.
of l-butyne to give a clear colorless liquid. No precipi=-
tate or gas was formed during the solution of the cuprous
chloride. Clear colorless crystals were first observed
when the ampoule was allowed to stand at =17° for an hour.
The crystals readily dissolved when the ampoule was warmed
to 0°. The solubility of the crystals in excess l-butyne
is considered to be quite high since a large quantity of
crystalline material had been present at -17°.

It is inferred from the general properties of the
system that the crystalline product is a molecular complex
8imiler to the cuprous halide-disubstituted alkyne complexes
whose existence had been demonstrated earlier. This in-
ference is substantiated by the quantitative recovery of
white cuprous chloride from the ampoule,

1-Butyne was prepared by Helmkamp (63) and was purified
by distillation from liquid nitrogen temperature to a flask

cooled in a dry ice-acebtone mixture.
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Fig., 52 Cuprous chloride-l,6~heptadiyne crystals, mother
liquor (ampoule, x100).

System; Cuprous Chloride and 1,6-Heptadiyne.# The stable

tabular colorless complexes formed by this system can be
preéared by warming cuprous chloride with exqéss alkyhe in
the presence éf air or mixing the components ahd aliowing
them to stand over night., Crystals grown in an ampoule
by this latter method are shown in Fig. 52. |

The dry crystals are stable for at least 2l hours
if képt in a stoppered container, and in the presence of
excess liquid they are stable in air for several months.

After this period of time decomposition is indicated

# The 1,6~heptadiyne and 1,8«nonadiyne cuprous halide systems
were studied at the suggestion of Professor Davidson, who
considered the possibility of their chelating properties.

The alkynes were taken as supplied by Farchan.
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by a brown precipitate. ‘When the crystalline complex is
warmed in the capillary of the melting point apparatus
decomposition starts at 107° and is quite definite at
110° and at 116° only a few crystals retain their shape
("B" at 25°).

System; Cuprous Bromide and 1,6~Heptadiyne. Colorless

complex crystals of this system may be prepared_as described
for the chloride analogue and are similar in their stability.
When first grown from solution the complex appears as
clusters of fine needles, however, upon standing, well
developed crystals like those shown in Fig. 53 and 54

are formed,

The decomposition range of the crystalline complex
in the melting point apparatus ("B" at 25°) is 57-58°.

Syvstem; Cuprous Chloride and 1,8-Nonadiyne. Colorless

needles are formed upon cooling to room temperature a warm
solution of cuprous chloride in 1,8-nonadiyne: The isolated
complex mayrbe handled in a normal manner for short periods
of time without danger of decomposition. On a hot-stage
melting polint apparatus the crystals decompose in the range
97-104°.

System; Cuprous Bromide and 1l,8-Nonadiyne. The color-

less needles of this system are very similar to the chloride
analogue. However, their preparation is best achieved by
mixing the components and allowing them to stand 2L hours.

On a hot-stage melting point apparatus they decompose
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Fig. 53 Cuprous brcmids-l,é-heptadiyne crystalline complex,
mother ligquor (ampoule, x100).,

Fig, 5l Cuprous bromide-1,6~heptadiyne crystalline complex,
mother liquor (ampoule, x100). ‘ ,
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'in the range 68-78°. However, at 78° a colorless liquid
suddenly appears and then disappears.

System; Cuprous Chloride and 1,3-~Butadiene. Gilliland,

Bliss, and Kip (12) report that the color of the cuprous
chloride~butadiene complex is yellow. This complex has
been prepared in three different ampoules in this laboratory
“starting with white cuprous chloride and commercial## buta-
diene. Although the outward appearance of the complex in
the ampoules was pale yellow, crystals on the sides of the
ampoules were colorless. A microscopic examination (x100)
at room temperature also revealed the presence of clear
colorless needles, These were sometimes associated with
aggregates of green material. The liquid in equilibrium
with the crystalline complex is colorless and readily
plates zinc strips with copper. The green material
observed is considered to be an impurity.

Syastem; Cuprous Halide and Acetonitrile, ‘As noted by

Naumann (6l1) solutions of cuprous chloride and cuprous
bromide in acetonitrile are unstable in the presence of air,
Concentrated solutions of cuprous chloride yield a flocculent
brown precipitate in 2 to 3 minutes. The cuprous bromide
acetonitrile solutions are somewhat more stable in air;
decomposition occurs in about 30 minutes. Ouprous iodide

solutions do not decompose in this manner.

3+ Mathieson Co.
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Under cxygen~free conditions the solutions are clear
and colorless. VWhen sufficient cuprous halide is present,
colorless crystalline complexes are formed. The cuprous
chloride~ and cuprous bromide~acetonitrile complexes have
been known for some time (65). The conditions and results
of their composition analyses according to the method
given on page 83 are indicated in Table 11. The results,
l.g., that they exist as l-to-1l complexes, are the same
as those obtained previously by Morgan (66). The cuprous
iodide~acetonitrile complex has not been previously re-
ported,

In contradistinction tc thelr solutions, the sclid
cuprous halide cbmplexes freed from liquld are stable in
the presence of air for relatively long periods of time,
i.e. the production of the brown oxidation product is not
observed. However, the colorless compounds are easily
dissociated under low acetonitrile pressure into their
components. A very thin film of cuprous halide is formed
on their surfaces when they are allowed to remain in an
unstoppered tube in air. In the cuprous bromide-acet-
nitrile complex this film imparts to the crystals a golden
hue. The bromide complex is relatively more stable in the
presence of gir than the cuprous chloride-or iodide-aceto=-
nitrile complexes. Thils relative stability is also reflected
in their decomposition points. When the dry solid complexes

are prepared in the capillary of the melting point apparatus
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(see page 43 and Fig. 2) they decompose under the following
conditions:

(1) cuprous chloride, L46-60°, bulb "B" at 25°,

(1i1) cuprous bromide, 75.5-76.8°, "B" at 25°,

(11i) cuprous bromide, 57.5-59,2°, "B" at 09,

(iv) cuprous lodide, 33.1-39.5°, "B" at 25°.

Ffom a knowledge of the decomposition points of the cuprous
bromide-acetonitrile coriplexes at different ligand pressures
(L.e., bulb "B" at different temperatures) it 1s not possible
to calculate a reliable heat of dissociation gince the data
do not give equilibrium information, even though the de=-
composition points are reproducible. In the case where
the dissociation vapor pressure curves are known, the ex-
perimental decomposition temperature has been found to be
5-10° above that calculated for equilibrium conditions.
Nevertheless the experimental decomposition temperature as
determined with the melting point apparatus has been found
to be an index of the relative stability of the compzexes.
Hence, the stability of the cuprous halide-acetonitrile
complexes as a function of a cuprous halide decreases in
order CuBr > CuCl > Cul. The thermal decomposition of the
cuprous lodide-acetonitrile complex is frequently associated
with the appearance of a bright red residue similar to that
described in a footnote on page 39. This red decomposition
product redissolves in excess acetonitrile to give a colorless

solution.
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Fig. 57 Cuprous bromide-acetonitrile crystals grown from
solution in the absence of air, photcgraphed in air, (x100).

Fig. 58 Cuprous bromide-acetonitrile crystals in mother
liquor {ampoule, x100).
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Fig. 59 Cuprous iedide-aéetonitrile 6omplex cfystals‘
enclosing buff cuprous lodide; mother liquor (ampoule,x100).
Photomlicrographs of the cuprous halide complexaé'have
been taken. Fig. 55 and 56 illustrate the cuprbus chloride
complex crystals formed on standiﬁg at room:tﬁmperatﬁre in
- a sealed ampoule. The cuprous bromide-acetonitrile complex
crystals obtained from.solution when excess sdlvent 1s slowly
distilled off are illustrated in Fig. 57. Much larger
crystals, as indicated in Fig, 58 are formed ih sealed
ampoules in the presence of excess ligand. Clear colorless
cryétalline complexes of cuprous iodlde and acetonitrile
have been obsarved‘to form around the amorphous buff colored
cuprous ilodlde aggregates. This is 1llustrated in Fig., 59

where the dark centers of the otherwise clear«crystals are
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particles of cuprous lodide. The encapsuled cuprous iodide
decreases in slze as a function of time. One or two days
after the sealing of ths ampoule very few complex crystals
contaln enclosed cuprous iodide.

System; Cuprous Cyesnide and 3-Hexyne. Reagent grade

cuprous cyanide and 3-hexyne react in a sealed ampoﬁle
in one to four days to give well Tormed colorless crystalsa
In different ampoules two different crystaliine forms of
the product have been observed. However, there is rio reason
to believe that the twec compounds are different since they
behave in a very simlilar fashion. Both forms are easily de-
composed at low hexyne pressure or high temperature (i,g.
less than 100°) and both appear %o be relatively lnsoluble
in excess alkyne. Photomicrographs of the habits ére
shown in Fig., 60 and 61. The needles were grown in a small
ampoule (8 mm. diameter) which was three fourths filled with
liquid. The tabular crystals were grown in a larger ampoule
(12 mm, diameter) which contained a much smaller relative
volume of the alkyne., “ith the exception of the columnar
crystal and the needlelike crystal in Fig. 61 coexlstence
of the two forms has not been observed even though the am=-
poules have been inspected at various times for six months.
When buldb "B" of the melting point apparatus is at 25°
and the capillary containing dry cuprous cyanide-3=-hexyne
erystals 1s in a melting point bath the following obser-
vations were made when the temperature of the bath was

increased;
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mother

).

prous cyanlde-3-hexyne complex crystals,
narrow ampoule, x100

Fig, 60 Cu
liquor (

Fig. 61 Cuprous cyanide-3-hexyne complak crystals, mother

liquor (wide ampoule, x100).
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(1) at LO© clear colorless reflecting crystals were
present,

(i1) at 40.6° a very thin film developed on the sur=-
faces of the crystals,

(111) at 43.4° the film is quite definite but the
crystals still have their shape and most of the reflecting
power,

(1v) at 4}.3° the crystals are almost opaqﬁe due %o
the thickening of the cuprous cyanide film,

(v) at 1,5° most of the crystals are opaque and some
have lost their shapes, and |

(vi) at L46° reflected light is no longer observed,

System; Silver Chloride and 3-Hexyne. No complex

formation has been observed in this system. However, the
appearance of very thin clear laminse (ca. 2 mm. wide) have
been noted when reagent grade silver ghloride (luﬁp form)
was shaken in an ampoule with 3-hexyne for 2l hours. The
quantity of the laminae increases with shaking. The laminae
are without symmetry elements and are not decomposed when
exposed to low pressures for long periods of time. In the
presence of indirect sun light they become pale purple,

and when heated do not decompose or melt below 320°,
However, at 225° small black spots begin to appear in the
leminae but do not increase in size. The recovered super=-
natant liquid did not plate a copper wire over night.

Silver chloride sealed in an ampoule with acetonitrile
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- did not show this phenomenon even though the systems were

treated in a similar manner. The laminae observed in the

gilver chloride 3-hexyne system are tentatively considered
to be silver chloride. If this were so, then they are of

some interest since silver chloride belongs to the cubic

system,

System; Cupric Chloride and 3-Hexyne. Brown cupric
chloride prepared by the dehydration of reagent grade
CuC12‘2H20 in the vacuum system was sealed in an ampoule
with 3-hexyne (ca. 1.5 ml.). The 3-hexyne, recovered from
the solubility determination of the cuprous bromide-3-
hexyne complex,had been treated with sodium. However,
prior to the preparation of the cupric chloride 3-hexyne
ampoule the 3-hexyne could have been contaminated with
a small amount of water dissolved during a brief contact
with air when the 3-hexyne was at a temperature lower than
ambient.

A light brown color developed in the liguid when the
ampoule was shaken for 24 hours. After 36 hours of shaking
a change in the cclor of the solid was also noted, i.e.
a small part of the sclid was a dark brown. After two
week's time most of the solid had changed to the darker
form; the solution however was still a light brown. A
few 1light green columnar crystals were also present.

The ampoule was opened and the contents examined. The

brown color of the solution was not removed by filtration;
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however, when the solvent was vacuum distilled, the color
was not transferred. The refractive index of the recovered
liquid was n25p 1.4110 while for pure hexyne n?>D = 1.l4090.
The recovered liquid had a new odor (similar to cinnamon)
in addition to that of 3-hexyne.

The solid products were examined on a Kofler micro
hot stage. The clear green crystals decomposed at 78.5°
tc a brown opaque mass; CuClQ-QHQO decomposed uﬁder similar
conditions at the same temperature. The dark brown product
which did not appear crystalline changed in character at
approximately 348° to form a different transparent brown
solid.

An ampoule was prepared which contained a zinc stfip
in addition tc the contents (cupric chloride and 3-hexyne)
as prepared above. The metallic zinc was plated with copper,
and the liquid developed a dark brown appearance upon shaking
a few hours. After several weeks a microscopic examination
of the ampoule indicated the presence of two liquid phases,
a colorless liquid in small quantities which deposited a
#hite sollid when evaporated with hot wire and a dark brown
liguid which yilelded a very dark solid in additlon Lo the
white deposit.

Pure 3-hexyne from storage and cupric chloride in an
ampoule react slowly (7 days) to give a very light brown
solution with a simultaneous production of a dark brown
solid. All the cupric chloride was converted into the

dark brown =solid in two week's time,
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System in which Complex Formation was not observed,

The following compounds sealed in oxygen-free smpoules for
more than a year have not reacted,

CuCl, 2-heptynoic acidj;

CuIl, 1,6-heptadiyne (L months);

CuSCN, 3-hexyne;

Cugo, 3-hexyne;

AgCl, 3-hexyne;

Cu0, 3-hexyne;

CuCl, Acetonitrile,

3-Hexyne reacts with alr in a short time (2L hours)
in the presence of cuprous iodide and cuprous thiocyanate
to give non=~volatile pale green liguid products. The in-
organic components have not been observed to form complexes
with the alkyne. 3-Hexyne in the presence of cuprous

cyanide also reacts with alr to give a similar product.
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- R. SOME CONCLURING REMARKS.

General Properties of the Cuprous Salt-Alkyne Complexes.

All of the investigated alkyne complexes which contain cu-
prous salts have been found to be colorless and crystalline,
and they are easily dissoclated or melted except in certain
cases wheré additional effects may be operative. The
exceptional stability of the crystalline cuprous chloride-
3=heptyn=-1=-o0l complex may be attributed to the presence

of the B -hydroxyl group. It appears that when this
functional group is « %o the triple bond additlonal stabil=-
ity is not derived from its presence. The melting points
of the complexes and thelr solubilities in excess alkyne
are definitely related to the position of the triple bond
in the alkyne. High solubility and a low melting point

of the complex are associated with those alkynes which have
the triple bond near a terminal position. ‘

The stability and high decomposition temﬁerature of the
cuproﬁs chloride diyne complexes can be easily interpreted
in terms of the nucleus model for the crystalline complex.
Since two nuclel could be bound together by one diyne it
is possible that the crystalline complexes consist of giant
molecules. If both triple bonds of a diyne were always
assoclated with metal atoms of the same nucleus then a low
melting point would be expected even though dissociation of

the melted complex would be at a much higher temperature,
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In contrast to the argentation studies (23) involving
aqueous silver nitrate solutions substitution of the hydro=-
gen atoms «~ to the triple bond by methyls does not seem to
decrease the stability of the cuprous salt complexes.
A study of complexes in solution indicates that they
absorb in the infrared and the ultraviolet.

o« and B Crystalline Phases. Further evidence corrobo-

rating the existence of the hypothesized « and £ crystal-
line phases has not been obtained from the study of solu-
tions of complexes or from the preliminary examination of
the infrared and ultraviolet absorption spectra of sclutions
containing the alkyne complexes. However, this is not sur-
prising as the presence of more than one species in solution
is considered established,

A Brief Comparison of the Cuprous Salb-Alkyne Complexes

with Those of Other Known Ligands. A number of unsaturated

funcetional groups are known to date to form easily dissoci-
ated addition compounds with cuprous salts. Some of these
are carbon monoxide as in CuC1:C0-H,0 (L), alkyl iso-
nitriles as in CuCN+RNC (67), aryl isonitriles as in CuCle
(CEHGNC ), where n = 1,2,3, and L (68), nitriles as in
CuCl-CH3CN, olefins as in 2CuGl-CuH6, acetylene as in
20uCl-C,H, (6), and the mono-and disubstituted acetylenes,
All of these solid, well crystalline, easlly dissociated
complexes have an additional feature in common. They are

colorless.
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The reported colored cuprous salt complexes similar to
these must be attributed to impurities or to phenomena
other than the interaction of the copper atom with a single
unsaturated center.

The Complex Bond. The most convincing formulation of

the complex bond responsible for the existence of the cuprous
haiide-alkyne complexes 1s that proposed by Dewar (69) for
the silver and cuprous salt-olefin complexes and elaborated
on and extended by Chatt (70) to the platinous chioride~
olefin complexes. Briefly, Dewar!s formulation of the
complex binding is as follows:! two types of bonds are formed
between the metal and the olefin. The first is designated
as a o bond and corresponds to the interaction of the
elactrons of the filled 7Té2p molecular orbital with the
unfilled s orbital of the metal. Thils can be reinterpreted
as the interaction of the polarizable electrons of the un-
saturated hydrocarbon with a positive charge. - Dewar's
second bond, a 7/ =type bond, requires that the donor and
acceptor roles of the components be interchanged. In this
case the electrons of the filled d orbitals of the metal
interact with the vacant antibonding molecular orbitals of
the olefin. Except to say that these considerations place
the metal in the plane which is the perpendicular bisector
of the line joining the two olefinic carbon atoms there is
little reason to parrot their discussion further. This
model readily leads one to the following observations

not mentioned by the above authors;
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(1) In the first place it is clear that the areas of
meximum overlap are not centered about the carbon-metal
direction, i.e. electronic distributions comparable to
those of ordinary o bonds are nct formed.

(11) Since Dewar's obond is probably responsible for
the major part of the interaction of the components and since
this bond is not highly locallzed, the force constants for
the metal component are probably unusually low.

(1i1) As a crude approximation which ignores the origin
of the electron responsible for the formation of the differ-
ent bonds ( ¢ -~and 77 -type bonds) the bonding orbital for
the complex may be visualized as a thick fan emanating from
the metal atom.

(iv) As in the case of the postulated excited state of
acetylene (71) the presence of the d electrons in the anti-
bonding molecular orbitals in an alkyne will be expected
to exert a repulsive force on the o electrons of the ad-
joining single bonds. This force can be relieved by the
- rehybridization of the acetylenic o bonds. Hence, for the
2=-butyne complexes the carbon structure of the alkyne would
tend toward that of cig-2-butene. Other possibilities,
however, cannot be excluded. t will be observed that this
complex is different in 1ts configuration from that pro-
posed for the silver ilon cis-2-butene complex (72). In the
alkyne complex the metal atom would be in the plane of the

four carbons. In the olefin complex the metal is visualized
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‘as being above the plane of the carbons interacting with
the 77electrons of the double bond. Some rehybridization
of all the ¢ bonds of the unsaturated carbon atoms would
also be expected. In the cis-2-butene complexes the ter-
minal carbon atom separation would be decreased because
the rehybridization of the olefinic carbon atoms would
tend to make them tetrahedral in their valemce bond
directions.

Relative Stability of the Cuprous Halide-Disubsgtituted

Alkyne Complexes. Dissociation vapor pressure measurements

at 250 (Table 19) and experimental dissociation temperatures
indicate that the cuprous chloride-alkyne complex ig more
stable than the bromide analogue. No evidence for the
formation of possible cuprous iodide-alkyne complexes has
been found. Hence, the affinity of cuprous halide for an
alkyne decreases in the order CuCl > CuBr > Cul.

Following Pauling (73) this order can be interpreted
as the effect of the electronegativity of the halogen on
the binding capacity of the copper. As the electronega-
tivity of the halogen increases the ionic character of the
cuprous halide bond 1s expected to increase; this would
mske avallable an increased bonding capacity of copper
for the ligand,

An alternative though less probable explanation
involves the use of the copper d orbitals. As mentioned

above Dewar suggested that the d orbitals of the metal
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" interact with the antlbonding orbitals of the carbon=
carbon double bond in the metal salt-olefin complexes.
The variation of the cuprous halide affinity for the
triple bond could be accounted for if the stability of
the cuprous halide-alkyne complexes was strongly depen-
dent upon a similar effect (which probably exists). The
explanation, however, Involves two assumptions:

(1) the availability of the d electrons oflcopper is
small and

(11) the d character in the cuprous halide bond
increases with the molecular weight of the halogen.

The first assumption is reasonable since it is
doubtful that sufficient energy is available from the
formation of the complex bond for the promotion of a
3d electron to a higher orbital, and the second is
reasonable since inner d-character in the cuprous halide
bond would increase overlap because of its diffuse nature
and would add to the stablility of the bond in a manner
proportional to the size of the halogen. Hence, the
higher the atomic welght, the more d character would be
in the cuprous halide bond and the less avallable to
interact with the ligand's unoccupied orbitals.

Intermediate Complex Bonds. As the ligands for cuprous

salts are considered in the order of CO, RNC, RCN, HCCH,
RCCH, and RCCR, it is clear that the associated metal

ligand bond changes its type from the ordinary < bond
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*

in which the mebal 18 colinear with the unsaturated atoms
of the ligand to Dewar's 17 complex bond as in the disub-
sbituted alkyne complexes where obviously the ¢ bond as
above is impossible. ‘iith the first three mentioned
ligands both types of complex bends are at least con-

ceivable, Is there bthen, & complex bond which is inbter-

‘mediate between the two extreme types, i.e. where the

metal atom is nelther colinear with the unssburated abtons

2 *

nor in the plane bisecting and perpendicular Lo the

tond between the unsaburated atoms? And if so, for
what ligands should this intermediate type bond be
imoortant? It is likely that such a complex bond does

not exist for the l-to~l complexes., However, for the

more complicated crystalline complexes such as 20ull- C?Hh

and Ag 2 -6Abk 3 (21} this intermediate bhond is nrobably
important.

FPinal CTonsideration. Cuprous chloride, cuprous bronide,

cuprous iodide, and cuprous cyenide have heen shown to

have the ability to react with known ligands. It appears,
however, that the relative complexing affinities of these
cuprous salts are Interchanged devending upon the ligand.

Observations concerning three diflferent ligands will be

(1) The vpresen: study has demonstrated the existence
jetalline addition compounds of 3-hexyne with
cuprous chloride, cuprous bromide, and cuprous cyvanide,

A complex of cuprous todide with 3-hexyne has not been
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- observed under any condition .

(11) Acetonitrile has been shown to react with
cuprous chloride, cuprous bromide, and cuprous iodide
to form addition compounds, but not with cuprous cyanide.

(i1ii) Absorption studies by Manchot and Friend (7L)
have indicated.that carbon monoxide is absorbed by the
cuprous halides but not at all by cuprous cyanide. They
have shown that the ability of the cuprous halide to
absorb carbon monoxide decreases as the atomic number of
the halide increases. As mentioned above, the same order
exists for the alkyne‘complexes but not for the aceto-
nitrile,

It appears then, that alkyl isonitriles and 3-hexyne
are stronger ligands than acetonitrile and carbon monoxide
for cuprous cyanides but for cuprous iodide, acetonitrile
and carbon monoxide apg/%ettéf 1igands_than 3~hexyne.

The observed reversé{ in the apparent binding strength of
the ligands is probably related not so much tc the strength
of the complex bond as to energetics of other factors such
as the mode of packing in the crystalline state. The in-
fluence of other factors on the various kinds of heats of
dissociation for the cuprous halide-slkyne complexes is
quite apparent (Ahp;, Table 19; Ahy, Table 20). Famili-
arity with the complexes formed is not sufficient without
detailed structural knowledge to permit clarification of

the phenomena responsible for these discrepancies.
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PROPOSTTICHS

1. It is proposed that hydrogen bonding with the
carbon~carbon triple bond be studied in non-polar medium
by infrared spectroscopy. Poszible rehybridization of
the bonds associated with the acetylenic carbons reéulting
in a non~linear carbon structure of 2-butyne in the methanol-
2-butyne complex should receive special attention in view
of the proposed {Dewar) structure of the silver ion-olefin
complex.

J.S. Dewar, Bull,Soc,Chim,Fr., 18, C79 (1951).

2., It is suggested that the so-called strain energ;
of cyclic and acyelic compounds be studied as a function

~of partial ionic character,

3. An experiment comparable to the famous onhe of
A.Stern and W.Gerlach would be of special interest in
the study of free radicals, especially since an aggregate
of non-combining free radicals could conceivably be ob-
tained.
0.3tern, Zeits.f.Phys., 7, 2L9 (1921),
W,Gerlach and O.Stern, Zeits.f.Phys., 8, 110 (1921),
92, 349 (1922),
il, Deutsch, Phys.Rev., 82, 455 (1951).
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i, The dropping mercury electrode as used in polaroc=-
graphic analysis introduces an unessential oscillation in
the trace of the diffusion current versus applled voltage.
This oscillation can be removed by the use of sintered glass
ware. The form of the electrode proposed is a hollow
cylinder of sintered glass joined at either end by béro~
meﬁric capillary tubing. Pure mercury under a small pressurs
difference is to be passed through the sintered hollow
cylinder when the electrode is immersed in the solution
to be analysed, This electrode has several advanbages:

(i) The mathematics of the situation is greatly
simplified over that for the dropping mercury eslectrode
since diffusion is radial with respect to the thin mercury
column.

(11) The solution can be stirred without disturbing
the processes in the vicinlty of the clectrode. Stirring
is in fact advantageous in that it simplifies further the
boundary conditions on the diffusion equation.

(11i) Density changes of the solution at the electrode
are unimportant inasmuch as they do not introduce fluctu-
ations in concentration.

(iv) CThanges of the surface tension of the mercury
are less important for this electrocde than for the dropping
mercury electrode.

I. M. Kolthoff and J. J., Lingane, "Polarography", Inter=-

cience Publishers Inc., Hew York, 1946,
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S. It is common practice to reduce vapor pressure dabta

to curves of the form
log P = A/T+¢C
log P = 4/T+B 1log T +C

where A,B, and C are constants to be debermined by the mecthod
of least squares. This method of data reduction minimizes

2
E 1 ((log Pilex, = (Tog Pylogy.)

In situaticns where the expected error in part of the

pressure data is appreciable it may be desirable to minimize
2 . . s
- P . T t ¢ a1y 4
E 1 (Piex. Plcal.) instead his is mest conveniently
accomplished if the data are treated in the customary manner
but are properly weighted. The weights to be used are pro=-
portional to Py/./log Py.

6. There exist a number of compounds which offer the
opportunity of sbtudying unusual binding of ligands to metal
atoms. One of these 1s the stable crystalline complex
H «C_H,.

37676

It is not often possible to directly investigate an

Ni(Cl\T)2~N

intermediate compound of a complicated reaction. A few such
compounds exist in the solid state. One of these 1s obtained
in the preparation of the starting material of the nitro-
malonaldehyde condensation. This intermediate 1s an orange-
red crystalline product in the preparation of potassiunm

nitromalonaldehyde from mucobromic acid and potassium nitrite,
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- The colored intermedicte decomposes in a warm neubral
aqueous solution te form carbon dioxide, hydrogen cyanide,
and the colorless potassium salt of nitromalonaldehyde.
The corresponding intermediate starting with sodium
nitrite does not exist.

It is proposed that the crystal structure of these
two compounds be initiated.
K,A. Hofmann and F.Z.Kuspert, Z.anorg.Chem., 15, 204 (1897).
H.B,Hill and C.R.Sanger, Ber., 15, 1906 (1882).

H,B.H11l and J.Torrey Jr., Am.Chem.Journ,, 22, 89 (1899).

7« The value of conformal mapping in extending
solutions of the two dimensional Laplace sguation %o
related problems is very well known.

Similar extensions can be made for certain Sturm-
Liouville equations with regular boundary conditions (e.g.,
the two-dimensional Schrddinger wave equation). If, in the
region R, of the complex z plane the eigenvalues and the
eigenfunctions of certain Sturm-Liocuville problems with
regular boundary conditlions on curve CZ are kﬁown, then 1t
is formally possible to determine the eigenvalues and eigen-
functions of related Sturm=Liouville systems in the region
R& with regular boundary conditions on curves Cé, where

R! is related to R, and C& and its associated boundary
w
conditions are related to C, and the original boundary

conditions by a conformal mapping. The solution of the
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unknown problem requires solving relatively simple bi-
linear simultaneous equations containing the eigenvalues
of the known solution and integrals involving known
functions.
R,V, Churchill, "Complex Variables and Applications",

McGraw-Hill Book Co., Inc., New York, 1948, p.1L7 fr.

8. By redefining the code capacity of a code channel
in a reasonable manner it is possible to demonstrate a
correspondence between the formalism of information
theory for a noiseless discrete system and the micro-
canonical ensemble of statistical mechanics.
C.#. Shannon and W.Weaver, "The Mathematical Theory of
Communication", University of Illinois Press, Urbana, 1949,
R.C.Tolman, "The Principles of Statistical Mechanics",

Cxford University Press, 1948, p.79.

9. W.King, E.H,Blaton, and J.Frawley have equipped
an infrared spectrophotometer with a Digital Reader in
parallel with the graphic reporter. This enabled them
to record in binary code on punch cards the infrared
spectra point by point. Their approach enabled them
with the aid of a general purpose computer

(1) to have a permanent numerical record without the
necessity of performing the time-consuming task of the
visual reading of points from a graph,

(11) to subtract spectra of known components,
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(11i) %o determine the absorption coefficients,
(iv) to analyze spectra of mixtures using non-
linear variations of optical density with concentration
(if necessary) at every wavelength instead of at salient
peaks only, and

»(v),to filt@r noise mathematically and to use
narrower slit widths effectively. |

It is proposed that the general policy be insﬁitut@d
to equip every automatic recording machine in the Gates
and Crellin Laboratories with a digital reader outlet
and to make available a sultable digital reader and
general purpose computer services for routine problems.

The above authors based the coding of the measured
intenslity to binary digits on an 'arithmetic mean' scheme,

If the coding is based on a 'geometric mean'! then the

Nevertheless 1t should be noted that the geometric coding
method requires approximately two more binary digits bthan
the 'arithmétic mean' coding method if similar percentage
errors of maximum readings are expected for the two methods,

G.W,King., B.H.Blaton, J.Frawley, J.Opt.Soc., llt,397 (195L).

10. A heuristic electrodynamic quantum mechanical
explanation of the phenomenon of gravity can be gilven.
F.K.Richtmyer, and E.H., Kennard, "Introduction to Modern

Physics®, McGraw-Hill Book Co., Inc., 1947, p.6l.
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11. It is proposed that the unreported carbon
suboxide 'dione' (0 = C = C = 0) is a compound of more
than ordinary interest. The synthesis of 'dione! should
be seriously attempted and its properties studied.
N,V.8idgwick, "The Chemical Elements and their Compounds™,

Vol.I, Clarendon Press, Oxford, 1950, p.522,

12, The purification and isolation of compounds
:containing the triple bond may be facilitated through
the formation of the cuprous chloride Qomplexés. A
qualitative study indicated that 3-hexyne can be guan-
titatively removed from carbon tetrachloride solutions

by shaking the solution with cuprous chleride at =15°,

13. The present investigation of the cuprous halide
alkyne complexes and the related problems is not considered
complete, Two unsolved problems are especlally immanent.
One is related to the occurrence of unknown species in
solution. The other concerns the nature of the complex
bond. Theée problems are not unrelated. The size and
shape of the alkyne molecule severely restrict the possible
configurations of the complex polymers and}probably influ~-
ence the complex bond energy. The variation of the complex
bond energy with the relative configuration of the two
components is expected if the complex bonding metallic d
orbitals have optimum relationships to the other directed

metallic bonds. A judicious coordination of the following
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‘suggested experiments may be especially advantageous in
the determination of the nature of the complex species in
solution:

(1) The solubility of cuprous halide in n~heptane
solutions should be studied as a function of the alkyne
concentration and as a function of temperature. |

(ii) The determination of the average molecular
weight of the cuprous halide in solution should Ee
attempted by the method developed by S.M.Klainer and
G, Kegeles for the ultracentrifuge.

(111) The ultraviolet and infrared absorption
spectra should be determined as a function of cuprous
halide concentration, alkyne concentration, and
temperature,

(iv) In view of the proposed participation of the
metallic d electrons in the metal saltfolefin compiex
bond a determination of the magnetic susceptibility of
the drystalline complexes or saturated solutions is
warranted.

S.M. Klainer and G.Kegeles, J,of Phys.Chem., 59, 952 (1955).
L.Pauling, "The Nature of the Chemical Bond", Cornell

University Press, Ithaca, New York, 1948, p.1l12 f,



