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Preface

Within the last thirty or forty years, the development of good
vacuum pumps, refrigerants, and a glass capable of withstanding
thermal shock has made possible an excellent technique for the
study of yolatile chemical compounds. This is the high vacuum
technique, which permits quantitative handling of materials,
even in very small amounts, in a very convenient manner.

Despite the large amount of work which has been done in this
field, descriptions of the methods and apparatus involved are so
scattercd in the literature, and so often concealed in experi-
mental details of apparently unrelated chemical work, that it has
been difficult for one to begin to use this technique without
learning it from another individual. It is the purpose of this
book, therefore, to provide in one place enough practical infor-
mation to enable an investigator with an average background of
scientific training and experience to construct and operate a gen-
eral purpose high vacuum apparatus for chemical research.

Although the text is intended primarily as an introduction to
vacuum technique, the book should be useful also, as a refer-
ence, to those who are already familiar with most of the pro-
cedures described. Of especial value should be the lengthy
table of vapor pressures of pure compounds.

Vacuum technique as applied to chemistry is, in a sense, an
art. There are alternative methods of doing almost everything,
and it is expected that others of experience may prefer to prac-
tice procedures different from those described herein. There is
certainly no intent to imply that the methods given in this book
are necessarily the best; it is only claimed that they are workable
and should provide a foundation from which an investigator may
build and modify as much as desired. Neither is there intent
to imply that this book is comprehensive. It is hoped, however,
that it contains enough information to fulfill its stated purpose.
I shall welcome any suggestions for its improvement.

The present state of development of this vacuum technique is
v



vi Preface

the cumulative result of the experience of many workers, and it
would be impossible to give credit as it is due. However, the
contributions of Alfred Stock and his many coworkers, who pio-
neered in the application of high vacuum to chemistry in their
remarkable studies of hydrides of boron and silicon, deserve
special mention.

I am indebted directly or indirectly to all the previous workers
in this field. An effort has been made to refer specifically to
published work, but it has not always been possible to know
with certainty where or when or by whom certain procedures
were originated. Professors H. I. Schlesinger and A. B. Burg
guided my early training in this technique at the University of
Chicago, and I gladly record my indebtedness to them. The
text has benefited by suggestions from Dr. E. A. Naragon and
from Professors I. C. Brown and T. I. Taylor. My wife has
been very helpful in the preparation of the manuscript, and my
thanks go especially to her and to my brother, R. A. Sanderson,
for their loyal encouragement.

R.T.S.
Fishkill, N. Y.
August, 1948
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CHAPTER O N E

Introduction to Chemical High

Vacuum Technique

Vapors diffuse rapidly through a vacuum. This fact is the
basis of the high vacuum technique for handling volatile, con-
densable substances. If a volatile substance is introduced into
a closed system from which almost all air and other noncon-
densable gases have been removed (pressure 10—* mm Hg or
lower), its vapor will diffuse rapidly throughout the entire system.
It may then be moved quantitatively to any part of that system
by cooling that part to a temperature at which the substance
exerts a negligible vapor pressure. In other words, the kinetic
energy of the molecules of vapor provides the motive power for
the transfer, which is made irreversible by removing the kinetic
energy at the point of cooling.

In order to make use of vapor diffusion as a means of handling
volatile materials, the following are needed:

(1) An enclosed system comprising interconnected apparatus
suitable for measuring the properties and studying the reactions
of volatile materials, and including means of introducing mate-
rials to and removing materials from the system.

(2) Pumps capable of exhausting the enclosed system to the
desired high degree of vacuum, and a gage for measuring the
residual low pressure.

(3) Refrigerants capable of cooling the materials under study
to temperatures at which their vapor pressures are negligible.

With these, it becomes possible to conduct studies in which
volatile materials, even in very small amounts, can quantitatively
be measured, mixed, separated, moved at will through reaction
zones or from container to container, and otherwise manipulated

1



2 Chemical High Vacuum Technique

without loss and without contact with anything but mercury and
glass. Chemical reactions and their products can be studied, and
such properties as melting point, vapor density, vapor pressure,
dissociation pressures, and reaction rates can readily be measured.

All materials which do not react at ordinary temperatures with
mercury or Pyrex glass can be manipulated by high vacuum tech-
nique if they have vapor pressures at room temperaturc of at
least a few tenths of a millimeter. Compounds that boil (or
sublime) at atmospheric pressure up to about 150-200°C are
included in this category. Nonvolatile materials may be intro-
duced into the vacuum system by special methods, or they may
be synthesized in situ from volatile materials, thereby further
extending the scope of application of high vacuum technique.

The high vacuum technique is uniquely suited to the study
of materials in small quantities, of the order of a few milliliters
of vapor, and to the study of highly reactive materials, such as
those spontaneously inflammable in air. It may easily be adapted
to the handling of larger quantities, up to 50~100 ml or more of
liquid, and for studies involving the synthesis and reactions of
compounds containing radio-carbon or other tracer elements the
technique can be extremely uscful. It is also very convenient
for the study of chemical reactions, including biological reactions
such as fermentation, which produce gaseous products, since such
products are thus quantitatively contained and can be readily
handled.

Although it possesses some features uniquely its own, high
vacuum technique as applied in chemistry is a composite of a
number of separate and otherwise independent procedures and
skills. These are elucidated in the following pages in a sequence
which is, therefore, necessarily somewhat arbitrary. Only when
these parts have been assimilated can a practical understanding
of the chemical high vacuum technique as a whole be realized.
Consequently, a description of the complete apparatus which is
an essential feature of this technique is reserved for the final
chapters.



CHAPTER T W O

Materials of Construction

and Operation

The most important materials involved in the construction and
operation of a typical high vacuum system for chemical research
are Pyrex glass, mercury, stopcock lubricant, and sealing wax,
Gases and vapors handled by the techniques described herein
need never come in contact with any other materials, and, if nec-
essary, only momentarily with the last two. A review of the more
important properties of these substances is therefore pertinent.

PYREX GLASS *

Chemical and Thermal Properties. Pyrex laboratory glass
(Pyrex brand chemical glass No. 774 of the Corning Glass Works,
Corning, New York) is a chemically inactive borosilicate glass of
low alkali content, containing no elements of Group II of the
Periodic System, and essentially no arsenic or antimony. It is
colorless and transparent. When properly annealed, it is reason-
ably resistant to mechanical shock and remarkably resistant to
thermal shock. Both of these properties, especially the latter,
are of vital importance in high vacuum work, where breakage
may be dangerous as well as extremely wasteful of time and
effort. The very low coefficient of thermal expansion, 32 X 10—7
between 19-350°C, permits very rapid temperature changes. For
example, properly constructed tubes may be suddenly cooled
from room temperature to about —200°C, and as suddenly re-
warmed, with reasonable safety.

#* The words Pyrex and glass will be used synonymously throughout this

text, unless otherwise specified.
3



4 Materials of Construction and Operation

The “strain point” for Pyrex is 510°C. This means that Pyrex
can be heated under stress for considerable periods of time below
that temperature without being appreciably deformed. For ordi-
nary purposes, Pyrex is sufficiently viscous at its annealing tem-
perature, 560°C, to be quite resistant to deformation, and it
sometimes can be heated above 600°C for short periods of time
without its losing shape. However, unnecessary heating above
the strain point should be avoided, since glass thereby develops
strains which can only be eased by slow, uniform cooling. Pyrex
can be softened sufficiently for bending by the heat of a Bunsen
burner flame, but for general glass blowing, the heat of a gas-air-
oxygen or gas-oxygen burner is required.

The fabrication of laboratory apparatus from Pyrex glass will
be discussed at greater length under the general subject of glass
blowing, in Chapter Three, but it can be mentioned here that
the relative ease of working Pyrex adds very significantly to its
unique value as a material for the construction of high vacuum
apparatus for chemical work.

Strength. The mechanical strength of Pyrex, or of any glass,
is so dependent on the thoroughness of strain removal by anneal-
ing, and perhaps also on its previous history, that it is difficult
to be very specific about how much force the glass can withstand
without breaking. Well-annealed Pyrex under some circum-
stances has been known to withstand remarkably high pressures,
but, where pressure vessels of any material whatever are involved,
it is always best to operate with a large factor of safety. Owing
to the uncertainties of glass strength, even a very conservative
safety factor does not insure perfect safety; therefore it is well to
observe precautions when subjecting glass apparatus to any pres-
sure differential at all.

However, in general it may be said that properly annealed
apparatus made from standard tubing not exceeding 1 inch in
diameter can usually be relied upon to withstand internal pres-
sures of 3-5 atmospheres without breaking, and probably will not
break even at pressures of about 10 atmospheres. Apparatus of
larger dimensions is likely to have less strength.

When subjected to the pressure differential of 1 atmosphere
created by evacuation, properly constructed glass apparatus is
quite unlikely to collapse. Larger apparatus, such as bulbs of
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more than 1-liter volume, is relatively more likely to collapse
when evacuated, but the possibility is still not very great. How-
ever, glass collapsing under atmospheric pressure may shatter
and fly about with surprising force. It is therefore conservatively
recommended that any vessels exceeding 300 ml in volume, or
perhaps 3 inches in diameter, be enclosed in wire netting or heavy
cloth if subject to evacuation, espccially where, as in the high
vacuum apparatus, the vessels may also be subjected to thermal
strains while evacuated.

Apparatus of much smaller dimensions may collapse when
evacuated unless it is properly constructed. Even if it is well
constructed, mechanical breakage when the glass is evacuated
may cause fragments to fly through the air; conscquently it is
well for the eyes of the operator to be protected when he works
with any glass vacuum system.

MERCURY

This very familiar clement would be extremely difficult, if not
impossible, to replace in general high vacuum work. Its useful-
ness is due to both its physical properties and its general chemi-
cal unreactiveness.

Physical and Chemical Properties. Mcrcury melts at —38.9°C
and boils at 856.95°C. Its vapor pressure is 0.000185 mm at 0°C,
0.0017 mm at 24°C, and 0.273 mm at 100°C. Its density at 0°C
is 13.595.

Mercury is not appreciably oxidized by air or oxygen at ordi-
nary temperatures, but it is slowly converted to the oxide when
heated near the boiling point in air. It dissolves many metals,
forming amalgams, but not iron or platinum. It is unaffected by
alkali. It reacts with nitric acid and with hot concentrated sul-
furic acid. Sulfur reacts with mercury, forming HgS. Dry H,S
does not affect mercury at ordinary temperatures; if oxygen is
present, the sulfide may be formed. Cold aqueous solutions of
SO, are without effect.

Mercury is attacked by all the halogens, but only by the more
unstable of the hydrogen halides: HF, either gaseous or aqueous,
has no effect, and the same is true of cold HCI, whereas HBr
reacts slowly when cold and more rapidly when hot, and HI
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reacts rapidly. Similarly, mercury reacts slowly with relatively
unstable organic halogen compounds, such as methyl iodide, from
which free halogen may be liberated.

Although mercury is quite inert to most gases and vapors likely
to be handled in a high vacuum system, it is well to keep its
chemical properties in mind to avoid the extreme inconvenience
possible if the inside of the apparatus should become contami-
nated with mercury compounds.

Toxicity of Mercury Vapor. Compounds of mercury are well
known to be very poisonous, but the poisonous quality of the
vapor of mercury itself is often not adequately appreciated.
Since mercury is commonly encountered in the scientific labora-
tory and is practically indispensable in high vacuum work, the
potential hazard involved should be clearly recognized, and there-
fore it will be discussed in some detail.

The possibility of reaching toxic concentrations of mercury
vapor in the atmosphere of a room containing exposed liquid
mercury is very real. Mercury has a vapor tension at room tem-
perature of about 2 X 10~3 mm. Since the diffusion of heavy
mercury vapor into the air would be expected to be extremely
slow, equilibrium concentrations would probably rarely be ap-
proached in the presence of normal ventilation. However, it is
generally agreed that as little as 0.25 mg of mercury, vapor per
cubic meter of air is dangerous to health, and this is only about
V4o of the room temperature equilibrium concentration. In fact,
during the recent war, the American Standards Association ! set
0.1 mg of mercury per cubic meter of air as an upper limit for
daily exposure not exceeding 8 hours. This is about 744 of the
equilibrium concentration.

At least two factors have made it difficult to determine the
degree of toxicity of mercury vapor in the air. First, there are,
very probably, appreciable differences in individual susceptibil-
ity to mercury poisoning, and, second, chronic mercurial poison-
ing may be very difficult to diagnose because of its insidious
property of causing symptoms which are not specific or unique.
Indeed, it scems possible that some of the very workers who

1P, A. Neal and F. H. Goodman, Occupational Hazards, 5, No. 7, pp.
10-11, 24 (1943).
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regard the mercury vapor hazard as practically negligible may
themselves unknowingly be among the victims.

It is claimed that continued inhalation of very small concen-
trations of mercury vapor may cause psychic disturbances such
as irritability and timidity, as well as such other symptoms, dif-
ficult to diagnose, as pallor, anemia, tremors, various digestive
disturbances, and occasional shifting neuralgic pains in the joints
and in the chest. In the mouth, this poisoning may be manifested
by a coppery discoloration of the mucous membranes, a dark

To water aspirator

(or other vacuum Rubber tubing
source) \

—
Fic. 1. Collector for spilled mercury.

line on the gums, excessive salivary flow, and excessive tooth
decay. Knowledge of these symptoms, and of the degenerative
organic changes which occur gradually during long exposure to
mercury vapor, makes it difficult to sympathize with the careless
indifference which permits dispersion of mercury over laboratory
benches and floors. There is never any need to risk the hazard
of mercury poisoning.®

Collecting Spilled Mercury. As will be seen presently, high
vacuum apparatus can be so constructed that there is no exposure
of mercury to the atmosphere. Spilled mercury can be picked
up with a device like that shown in Figure 1. It is desirable to

2 For further details on this subject, see R. R. Sayers, U. S. Bur. Mines,
Repts. Invest., No. 2354 (1922); J. A. Turner, U. S. Pub. Health Repts., 39,
329-331 (1924); A. Stock, Z. angew. Chem., 39, 461-466 (1926); ibid.,
984-989 (1926); C. F. McCarroll, U. S. Bur. Mines, Repts. Invest., No.
3475 (1939); M. Shepherd, S. Schuhmann, R. H. Flinn, et al., J. Research
Natl. Bur. Standards, 26, 357-375 (1941), Rescarch Paper No. 1383; A. Stock,
Ber., T6B, 1530-1535 (1942).
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keep such a device assembled and on hand, with a long tube for
connccting it with a source of vacuum such as a water aspirator.
When mercury has splattered into tiny droplets on the floor, as
it usually does, the task of removing it can sometimes be facili-
tated by pouring water over it to make it easier for the droplets
to combine when scraped together before they are drawn into
the container.

Insulation | \::
Water
Mercury jacket
charge Hg boiler _J
S|
(1 N Ground
- ‘T Pinhola 1y (burner - Joint
'
| . I To vacuum
| | | { pump
|| Air inlef sgﬁy ' 760 mm
1000
mm 73
HNO, {/' Receiver
100 mm " Receiver He
reservoir
_____ ié L
30 mm
Y L Y
F1c. 2. Mercury scrubber. Fic. 3. Mercury still.

Purification. Only very pure mercury should be used in the
high vacuum apparatus. Ordinary mercury may be contami-
nated with surface impurities like grease or oil and dirt, and with
dissolved impurities such as other metals.

Mercury may be cleansed of grease by washing with an appro-
priate solvent, and of dirt by letting it run through a pinhole or
straining it through cloth.

There are various ways of removing dissolved metals. Bub-
bling air through the mercury converts metals such as the alkalies,
zinc, copper, and lead to oxides, which separate as a surface scum
which can be removed by straining or “pinholing.” Perhaps a
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better method of removing the last traces of the same metals is
washing with 5-10% nitric acid. One way to accomplish this is
to allow the mercury to fall through a tiny hole into a column of
acid, forming therein a fine mercury spray which settles to the
bottom of the tower and continuously flows out, as shown in
Figure 2.

Traces of the noble metals and tin may then be removed by a
vacuum distillation. Numerous continuous stills have been de-
vised for this purpose; one is shown in Figure 3. This still pro-
vides for maintaining the proper mercury level in the boiler semi-
automatically by continuous atmospheric pressure feed from a
reservoir, which in turn may be continuously supplied from a
dropping funncl. Minor adjustments of the mercury level in the
boiler may readily be made by raising or lowering the reservoir.
Once initial level, feed, and heat adjustments have been made,
this still may be opcrated indefinitely with very little attention.

In summary, mercury of unknown purity can usually be puri-
fied satisfactorily for use in a high vacuum apparatus by (1) wash-
ing with pentane or similar light solvent, (2) running through a
tiny hole, (3) washing thoroughly with 5-10% nitric acid, and
finally (4) vacuum distilling.

STOPCOCK LUBRICANT

An ideal lubricant for stopcocks and other ground-glass joints
to be used in high vacuum work would have the following prop-
crties:

(1) Very low vapor pressure (preferably below 10~ mm).

(2) Excellent workability. (It should maintain a continuous film
permitting no possibility of leakage despite turning of the joints.
It should not become hard and rigid on long standing, thus im-
mobilizing or “freezing” the joint.)

(3) Chemical inertness. (It should be sufficiently stable toward
oxidation so that its properties are not impaired by long standing
in contact with air. It should not react chemically with any of
the gases or vapors which may come in contact with it.)

(4) Nonsolvent properties. (It should not absorb or dissolve
gases or vapors which may come in contact with it, since, besides
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interfering with the functioning of the lubricant, these are then
released very slowly into the vacuum system, making it impos-
sible for a long time to produce or maintain a high vacuum.)

(5) Flow resistance. (It should not flow appreciably under
gravity.)

These properties represent ideals which unfortunately do not
appear to be attained by any available lubricant. Therefore it
becomes necessary to clean and regrease all ground joints in a
vacuum system periodically. Since this task always involves ad-
mitting air to the system with subsequent delay in obtaining high
vacuum again, it is advisable to use the best available grease.

Among numerous compositions devised or proposed for lubri-
cating and scaling joints in high vacuum work, the Apiezon
greases “L” and “M” appear to be superior. These are highly
purified hydrocarbon greases having suitably low vapor pressure *
and relatively good working characteristics. They are, of course,
capable of absorbing organic vapors, and they do tend to become
somewhat less workable with use and long exposure to air. It is
advisable, particularly for infrequently used joints having large
lubricated surfaces, to move the joints a little every day to help
prevent “freezing,” or at least to help in detecting incipient lubri-
cant failure.

Other types of commercially available stopcock lubricants
which are especially recommended by the manufacturer for high
vacuum work will also be found fairly satisfactory.®

A number of investigators have described modifications of
Ramsay grease, composed of petrolatum, paraffin, and unvulcan-
ized rubber, as useful for vacuum work.*

3 C. R. Burch, Proc. Roy. Soc. (London), A123, 271 (1929); G. Seydel,
Z. tech. Physik, 16, 107-109 (1935). Obtainable from James Biddle Co.,
Philadelphia, Pa.

* For example: Vacuscal, light and heavy, from Central Scientific Com-
pany, Chicago, Ill; Celvacene, light, from Distillation Products Co.,
Rochester, N. Y.; and Silicone greases from Dow-Corning Corp., Midland,
Mich.

¢E. G. R. Ardagh and A. L. Davidson, Can. Chem. Met., 9, 137 (1925);
C.A., 19, 2410 (1925); A. T. Sveshnikov, Zavodskaya Lab., 5, 503 (1936);
C.A., 80, 5837 (1936); B. Bruns, V. Sadovnikov, and N. Kolesnikov, J. Tech.
Phys. (U.S.S.R.), T, 964-966 (1937); Chem. Zentr., 1938, 11, 1089; C.A., 34,
4892 (1940).



Stopcock Lubricant 11

The hydrocarbon greases are fairly resistant to the lower alco-
hols and acetone, but they tend to dissolve hydrocarbon vapors
appreciably. When lubricants less affected by hydrocarbons are
needed, use may be made of either organic, nonhydrocarbon
greases or inorganic lubricants.

In the first class are compositions containing highly oxygenated
organic materials such as starch, sugars, and glycerin or polyether
glycols. For example, a lubricant said to be quite unaffected by
a large number of organic compounds, including hydrocarbons
and chlorohydrocarbons, is made * by heating a mixture of 25 g
of anhydrous glycerin, 7 g of dextrin, and 8.5 g of pure d-mannitol
just to boiling, then cooling to room temperature. This is, of
course, affected by water, alcohols, aliphatic acids, and some
amines. An improvement on the above composition is said ¢ to
be obtaincd by substituting a medium viscosity polyvinyl alcohol
for the dextrin. The revised composition is made by mixing
glycerin with 1-3 per cent of polyvinyl alcohol and 15-20 per
cent of mannitol at room temperature, then heating at 130°C and
stirring until dispersion is uniform and complete. This grease was
found to absorb much less diethyl ether or hydrocarbon vapors
than did Apiezon “M.”

Another composition of this general type is made by preparing
first a solution of 7.5 g of Celanese (ccllulose acetate) in 45 g of
tetracthylene glycol and then heating and stirring it for 4 hours
at 140°C until it is homogeneous.” Thirty grams of citric acid
is then heated to 190°C, and the above solution is added, the
entire mixture being heated at 180-190°C for 90 minutes. The
mixture is then transferred to a dessicator, and water is removed
by evacuation.

The newer developments in synthetic lubricating oils and high
polymers open up a vast number of new possibilities for making
superior ground joint lubricants for special purposes.

The second class of nonhydrocarbon lubricants comprises in-
organic materials. Metaphosphoric acid, HPOj3, has been used
as a stopcock lubricant, but it may contain moisture and thus

5 C. C. Meloche and W. G. Frederick, J. Am. Chem. Soc., 54, 3264-3266
(1932).

6 I. E. Puddington, Ind. Eng. Chem., Anal. Ed., 16, 415 (1944).

7 W. H. Pearlson, Ind. Eng. Chem., Anal. Ed., 16, 415 (1944).
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give a slight vapor pressure. Ground joints have been silvered
and then lubricated ®* with a mixture of 5 g of solder, 5 g of
Wood’s metal, 2.5 g of zinc, and 80 g of mercury. Finely pow-
dered graphite makes a fairly good lubricant for ground joints,
but it is not completely gastight. It can be used successfully in
conjunction with a mercury seal.’

A discussion of lubricants can perhaps best be concluded by
stating that in general, wherever in high vacuum work the choice
of lubricants presents a chemical problem, it is better to eliminate
the need for lubricants altogether so far as possible. Methods
of doing this are described in the discussion of valves, Chapter
Seven.

VACUUM WAX

Wax is useful in high vacuum work for temporary sealing of
cracks and pinholes in glass, and for making temporary seals, as
for connecting weighing bulbs to the vacuum apparatus.

A number of different compositions of vacuum wax have been
developed, of which perhaps the best known are picein and
deKhotinski cement. Of these two, picein seems preferable since
it is somewhat easier to work with and it has a lower vapor
pressure, well below 10—3 mm.°

Picein is a black hydrocarbon wax which is fairly hard but
not unduly brittle at ordinary temperatures. It softens over a
considerable temperature range, becoming quite plastic at 50°C,
and, although in the fluid state it is too hot (about 80°C or
higher) to touch, it is quite pliable at temperatures at which it
can be readily handled. It may be softened in a carbon flame
of a gas burner; it does not inflame unless heated well above
its fluid point. When quite soft, it adheres very well to glass
or to almost any other solid, dry surface, forming a vacuum-tight
seal. A better seal is created if the glass or other surface is
warmed before the wax is applied. When fairly fluid, picein
sticks very well also to dry fingers, but it can be molded easily
with moist fingers without sticking. It may be very simply re-

8 W. A. Boughton, J. Am. Chem. Soc., 52, 2421 (1930).

9 For example, see L. S. Echols Jr., Ind. Eng. Chem., Anal. Ed., 10, 527
(1938).

10 R. M. Zabel, Rev. Sci. Instruments, 4, 233-234 (19383).
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moved completely from glass or other surfaces by softening with
a flame, wiping off the bulk with a dry cloth, and wiping the last
traces away with a cloth moistened with carbon tetrachloride,
in which it is very soluble.

At temperatures below 0°C, picein becomes very brittle and
is apt to shatter; it is not a suitable sealing material at very low
temperatures.

Because of its solubility in organic solvents, particularly hydro-
carbons and chlorohydrocarbons but not alcohol, it is not suitable
for uses involving more than momentary contact with such or-
ganic vapors.

DeKhotinsky cement, a shellac composition, is more resistant
to organic solvents than picein. Shellac in general is a very use-
ful base for sealing compositions. When mixed with liquids of
very low volatility, such as dibutyl phthalate, it gives materials
useful for high vacuum seals of considerable strength.

Other waxes of suitably low vapor pressure may of course be
used. One of the lowest vapor pressure waxes is Apiezon Wax
“W,” which melts at 70°C and must be heated to 180°C before
its vapor pressure recaches 10~3 mm."

Seals which must hold at elevated temperatures may be made
from silver chloride, which melts at 455°C. It must be cooled
slowly after application to prevent cracking. It may be removed
by dissolving in sodium thiosulfate solution.

11 J, Strong et al., Procedures in Experimental Physics, Prentice-Hall, Inc.,
New York, 1938, p. 557.
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Glass Blowing

To work effectively with the high vacuum technique, it is prac-
tically essential to be able to blow glass. Even if a professional
glass blower is available to construct the more intricate parts of
the apparatus, it is very desirable for the operator to know at
least how to make minor repairs and to make simple seals.

Glass blowing, like most manual skills, may be learned partly
by watching an expert at work and by reading instructions, but,
to attain proficiency, there is no substitute for actual practice. It
is hoped that the following may be of assistance.

EQUIPMENT

For most of the work required in constructing and operating
a glass high vacuum system, a single gas-oxygen hand torch will
be adequate. Such a torch comes equipped with ‘two or three
different sizes of nozzles for different sizes of flames. It provides
a quict, blue flame when the proper amount of oxygen is used.
By adjustment of the gas and oxygen valves, the flame from any
one nozzle may be varied from a very small, sharp point to a
fairly broad brush. The torch may be clamped to a stand to
serve as a stationary burner, or held in the hand for work on
stationary apparatus.

An ordinary commercial-type oxygen cylinder, equipped with
a high and a low pressure gage and a reducing valve capable
of regulating the oxygen pressure smoothly at 5-10 pounds, will
serve very well as a source of oxygen to operate the burner.
About 7 pounds oxygen pressure is ample for all but the largest
flames. As a safety precaution, it is suggested that a section of
noncombustible tubing such as glass be inserted in the oxygen
feed line from the cylinder to the burner. This section should

14
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help prevent a fire from reaching the cylinder, in case the oxygen
feed line should accidentally be ignited, as, for example, by a
piece of hot glass.

Professional glass blowers make use of a variety of hand tools
to assist in the shaping of glass, but for ordinary purposes very
few are sufficient: a small, sharp three-cornered file or a glass
knife, a pointed carbon rod about 1 inch in diameter for flaring
open ends and shaping hot glass, and a pair of tweezers for pull-
ing off hot pieces of glass. None of these is absolutely essential
except the file or knife.

At the temperature required for blowing, Pyrex imparts an
intense, yellow-white light to the burner flame which is uncom-
fortably bright for the eyes. Ordinary dark glasses give protcc-
tion from the light but make it difficult to sce that part of the
glass which is not at a glowing heat in the flame. This problem
has been admirably solved by a special didymium glass (Corning
512), containing a mixture of the rare earths neodymium and
praesodymium, which is capable of absorbing most of the bril-
liant yellow sodium light but not the other visible rays. A pair
of glass blower’s goggles made from this glass is strongly recom-
mended.

MAKING APPARATUS FROM GLASS

Cutting Tubing. Glass tubing up to about 34 inch in diameter
is easily cut by making a small file scratch, the sharper the better,
at the place to be cut, and attempting to bend the tubing away
from the scratch while simultaneously trying to pull the tubing
apart. This is a simple procedure when both sides of the tube
to be cut are movable, but, when one side is rigid, much greater
care is required lest, when the desired piece breaks off suddenly,
the rigid part be broken also as a result of the sudden release of
stress. Where one or both sides of the desired cut are rigid, it is
better to accomplish the break by a sharp, light tap at the point
opposite the file scratch. Moistening the scratch before apply-
ing the stress will often assist in forming a smoother break.

Tubing of larger diameters may be cut by heating the file
scratch by application of a hot glass rod, and then touching the
heated scratch with a moist cloth, which causes the glass to crack
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in two. This cutting may be facilitated by extending the scratch
all the way around the tube. When many such cuts must be
made, it is better to use a piece of resistance wire which can be
wrapped tightly around the tubing at the desired point and
heated clectrically. After heating, the wire is quickly removed,
and the hot arca is lightly brushed with cold water.

It sometimes happens that one side of the desired cut is too
short to permit application of enough leverage for breaking. In
such a case, or when one portion of the apparatus may be too
fragile to risk breakage through sudden release of stress, it may
be better either to crack off the desired section thermally, or to
melt the glass at the point where cutting is wanted, pull it in two,
and blow out the closed end, as will be described in following
paragraphs.

Manipulating Glass in a Flame. Even though the coeflicient
of thermal expansion of Pyrex is very small, it is real, and definite
strains are set up whenever the glass is subjected to a sharp
temperature differential. Such temperature differentials occur
whenever the glass is held in a flame. Ordinarily the strains cre-
ated when tubing of small diameter is suddenly exposed to the
heat of a gas-oxygen torch are not sufficient to cause fracture
of the glass. However, tubing larger in diameter than 2 cm, or
bulbs, or previously worked apparatus, or apparatus containing
ring scals should be heated slowly and cautiously to the desired
temperature for working; the heat should be distributed carefully
over the entire area surrounding the spot to be worked and
tapered to the adjacent glass through a distance of 2-3 cm, so that
the temperature gradient is gradual. With a stationary flame,
this will involve deft manipulation and smooth rotation of the
glass to obtain uniform heating on all sides. With a moving
flame and stationary apparatus, the burner must be moved
smoothly and fairly rapidly over the area.

All glass-working operations which require part of the glass
to become so fluid that the glass can no longer support its own
shape demand considerable manual dexterity. The problem of
manipulating a piece of glass which has been heated to softening
at one point is practically one of holding two separate pieces of
glass, one in each hand, very close together but not touching,
and rotating them and moving them about in all directions with-
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out allowing their relative positions to change in the slightest
degree. For the average worker, this is the most difficult part of
glass blowing; it requires practice long after the methods are
thoroughly understood.

When the size and shape of the apparatus permit, it is usually
convenicent to hold one hand on each side of the place to be
heated, with the left hand palm down and the right hand palm
up. This position permits coordinated rotation of the glass in the
flame and facilitates bringing the right-hand end of the glass to
the mouth for blowing.

Although uniform heating is essential for production of the
best and smoothest scals and bends, the manual dexterity re-
quired, as pointed out above, usually is devcloped only after
long practice. Lacking this skill, one will usually find it much
easier to work only one side of a joint or seal at a time, so that
the other side remains stiff enough to impart the necessary rigid-
ity and support to the whole. With care, very serviceable, al-
though perhaps less esthetic, seals can be made by this procedure.
If the tubing being sealed by this method is large, it is important
to keep the whole joint fairly warm, by frequent application of
the flame to the cooler side, to avoid setting up thermal strains
which will break the joint by cracking before it is complete.

Annealing. Glass is not a crystalline material, but neverthe-
less its molecules do orient themselves to give the glass a rather
definite structure. Glass which is most free from internal strains
is that which has been cooled from the mobile liquid state most
uniformly, so that all the molecules have together gradually lost
their freedom of orientation. There is only one way in which
glass can be cooled uniformly, and that is, slowly. Otherwise the
surfaces must cool more rapidly than the interior, since thermal
conduction through glass is very slow.

The process of eliminating structural strains in glass is thus a
two-step process: first, the glass is heated to a temperature at
which the molecules are sufliciently free to orient themselves
with respect to each other; second, the glass is cooled very
slowly. This process is called annealing.

All parts of glass apparatus which have been heated and
worked should be annealed to ease the inevitable internal ther-
mal strains. Complicated apparatus such as that containing ring
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seals, and all apparatus containing thick glass, especially where
the transition from thick to thin glass is abrupt, may develop
such forceful strains, through uneven heating while working, as
to shatter or crack spontaneously on cooling, unless annealed.
Simpler apparatus, or simpler seals, are usually in no danger of
actually cracking spontaneously if poorly annealed, but the seals
may have much less mechanical strength and resistance to subse-
quent thermal shock.

Obviously apparatus cannot be heated to the softening point
without becoming deformed, unless it is supported against gravi-
tational and other stresses. However, at temperatures where the
resistance to deformation by stress is still high, the molecules of
glass are sufliciently mobile to permit slow ecasing of internal
strains by rcorientation. Therefore it is feasible to remove most
of such strains from glass apparatus by heating it to about 560°C
and allowing it to cool very slowly. This can be done best in a
special annealing oven in which the heating and cooling can take
place over a period of several hours. Even at room temperature,
glass can be deformed by stress applied continuously over a long
period of time; consequently it is not surprising to find that heavy
apparatus may become distorted by gravity in an annealing oven
at temperatures at which the deformation of lightweight appa-
ratus or apparatus which can be well supported is negligible
within the required period of time. '

The conditions provided by an annealing oven can hardly be
approached when only a gas-oxygen flame is available for an-
nealing. Nevertheless, a fairly satisfactory annealing job can be
done, particularly with small work, by using only the burner.
This is fortunate, not only because annealing ovens are scarce
and expensive, but also because it would obviously be quite
impractical to anneal most of the assembly joints in a high
vacuum apparatus in an oven.

To anneal with a gas flame, the burner is adjusted to a large,
bluish, brush-shaped flame and the whole area around the part
which was worked is reheated, cautiously at first. The most
important precaution is to heat this area uniformly by rotating
the glass and shifting it about in the flame, rapidly and deftly.
Since it is usually not practical to heat the entire piece of appa-
ratus, the next best procedure is to taper the temperature gradu-
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ally from the cold glass to the worked section. A tapering dis-
tance of approximately twice the cross section of the worked
section is suggested. The sodium flame is a good indicator of
the proper temperature, as it begins to appcar at the temperature
of incipient softening. (Note: Do not wear didymium goggles
while annealing.)

The worked area and its immediate vicinity should be kept at
a temperature just below softening, with the adjacent glass di-
minishing in temperature gradually as the distance from the
worked area increases, for perhaps a minute, and then cooling
should be begun by very slowly diminishing the oxygen supply,
thus decreasing the intensity of the heat. The most important
part of the cooling process is the initial part. For best results
this should take a few minutes, but small and simple seals can
be anncaled satisfactorily in a much shorter time. When the
glass has become quite rigid, further cooling, even if not uniform,
will not set up serious permanent strains. Therefore, when the
flame has becn gradually made less intense, Pyrex is already well
annealed by the time the oxygen has been cut off completely,
and only the yellow carbon flame is left. Some workers advocate
continuing the heating in the carbon flame until the glass is
uniformly coated with carbon; the value of this procedure with
Pyrex seems questionable.

Bending Tubing. Pyrex tubing of small diameter may be very
successfully bent after it has been warmed over an ordinary
Bunsen burner with a wing top. This gas-air flame is not hot
enough to soften Pyrex for blowing, but it is quite satisfactory
for bending. It is recommended that this method be used when-
ever possible, as it is by far the simplest way of producing neat
bends.

The broadest brush flame attainable with an ordinary gas-
oxygen hand torch is not broad enough to heat tubing over a
sufficient length and uniformly enough for smooth bending, and
careful manipulation of the glass is therefore required. With
practice, smooth bends may be made over such a burner, even
in fairly large tubing. However, unless the bends are very grad-
ual, the inner side tends to kink or cave in as the glass is bent.
The resulting imperfections may be smoothed out by stoppering
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one end of the tube, heating the imperfect spot to red heat, and
blowing gently in the open end.

Acute bends tend to thin out the glass on the outside and
crowd it together on the inside of the bend. Although such
bends may be made smoothly and without too uneven distribu-
tion of glass by heating a considerable length of the glass so
that it is quite fluid, and blowing while bending it, such opera-
tions require more than ordinary skill. It is much simpler to
avoid this difficulty by sealing two separate picces together at
the desired angle.
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F1c. 4. Making a closed end.

Making Closed Ends. The procedure for closing the end of
a section of glass tubing is illustrated in Figure 4. The tubing
is rotated smoothly in a small, hot flame, so that only a narrow
section is heated. The glass tends to shrink toward the hottest
part of the heated section, and thicken there, as shown in B and
C. This shrinking is permitted by allowing the two parts of the
tube to approach each other slightly. When the glass has shrunk
and thickened to the point where the bore is almost or completely
closed, as in D, the glass is removed from the flame, the two
sections are pulled apart several inches, and the intermediate rod
is broken when cool, only a stem to be used as a handle, as shown
in E, being left. The closed end is then rotated in the flame
to heat the thickest part of the glass, which is then pulled away
from the end until just enough glass remains to make a closed
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end of suitable thickness, as shown in F. This end is then heated
and carefully blown to the smooth round end of uniformly thick
glass, as shown in G.

End-to-End Seals. The simplest type of end-to-end seal oc-
curs between tubes of equal diameter. The ends to be sealed
together are first heated to red heat. There results a slight thick-
ening due to the characteristic shrinking of the glass caused by
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Fic. 5. Joining ends of equal size. Fic. 6. Joining capillary to ordi-
nary tubing.

surface tension as it becomes fluid (Figure 5, A). Then the ends
are placed very gently together. A smooth seal depends on
getting these ends together exactly. If at first touch they are
not exactly aligned, it is better to remove the glass from the
flame at once and break the two pieces apart as soon as they
are cool enough, and try again. Otherwise much extra manipu-
lation and blowing will be required to produce a smooth scal.
It is a general principle of all glass blowing that, for best possible
results with minimum effort, a correct start is essential.

When the ends are properly in contact, as in B, they may be
forced together with slight pressure to insure a perfect closure.
The two pieces are then handled as nearly as possible as if they
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were one. They are rotated in the flame until the glass is quite
fluid, as in C. The glass is then removed from the flame and
promptly blown out to produce walls of uniform thickness, as
in D. Immediately thereafter, while the glass is still soft, the
ends are pulled apart until the bulge is removed, as in E. If the
joint is not satisfactorily smooth, it may be rcheated, shrunk,
blown, and stretched as before, until it has the desired appear-
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F1c. 7. Joining cnds of unequal sizes.

In sealing ordinary tubing to capillary tubing, the capillary
should first be prepared as shown in Figure 6. The end is closed
by melting, and then blown into a small bulb as shown in B and
C. Next, only the very end of this bulb is melted and blown
out to a very thin bulb, as in D, which is broken off to leave an
open end of flared bore as shown in E. This end is then sealed
to the ordinary tubing exactly in the manner described above for
sealing like tubes together.

The easiest way to seal pieces of capillary tubing together is
first to prepare each end to be sealed as described for the capil-
lary above.

The greatest difficulty in making smooth end-to-end seals is
found in sealing tubing of unlike diameters together, because it
is difficult to rotate such tubes simultaneously at equal angular
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velocity while preserving the correct alignment. One method
is to make a closed end in the larger tubing, and then heat the
very center of the closed end with a small hot flame, blowing
out a small bulge as shown in B of Figurec 7. The end of this
bulge is then heated, and a large, very thin bubble is blown out
and broken off, leaving a hole of the same diameter as the bore
of the smaller tube. The seal is made as in E, and the tapered
section is heated strongly and uniformly, and then blown out
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Fic. 8. Making a T-seal.

slightly and pulled out carefully to a smooth taper as shown in
G. If the heated joint gets off-center, as it is very likely to do
unless coordination of the two hands is very good, it may be
brought back in line by thoroughly heating it until it is quite
fluid, and then pulling it out and pushing it in slightly several
times while realigning it.

T-Seals. These seals are made by heating a small area on one
side of the tubing at the desired spot and blowing out a small
bulge, as in A of Figure 8. If this bulge is then strongly heated
until it shrinks back flat with the tubing, and reblown, several
times, a rim or lip which is quite thick may be built up. Then
the very end of the bulge may be strongly heated and blown out
to a very thin bubble which can be broken off, leaving a short
rim (B and C). The other tube is then sealed to this rim, smooth-
ing the T-seal, as in D, by rotating the joint in the flame to heat
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the whole area uniformly, and blowing out the lumps and un-
evenness, This uniform heating is difficult to accomplish with-
out distorting the whole joint, and it is quite satisfactory to heat
and blow smooth just one side or corner of the seal at a time.

Ring Seals. There are various methods of making ring seals.
One of these is illustrated in Figure 9. First, a tube is inserted
through a cork until the end almost touches the inside of a closed
end of the large tube, as shown in A. The end of this large tube
is then heated in the center until it shrinks back and fuses to
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Fic. 9. Making a ring seal. Method 1.

the end of the small tube, as in B. This spot is then heated and
blown out, first to a thick-walled bulge as in C, and then the
end of the bulge is blown to a thin-walled bubble, as in D, which
is broken off to leave a rim as in E. Another piece of the smaller
tubing is then scaled to this rim in the manner used to seal two
equal diameter tubes together.

Another method is shown in Figure 10. First, a hole of the
proper size is made, as previously described, in the rounded
closed end of the larger tube. The smaller tube is heated sep-
arately at the point to be joined in the ring seal, and blown out
slightly to make a larger diameter, just too large to fit through
the hole in the larger tube. The two tubes are then held together
as in A and B, and the scal is completed by fusing the glass
together at the junction and blowing out for smoothness.

Bends and Seals in Place. Assembling and operating the high
vacuum line require glass blowing in place. For the most part,
this is restricted to the relatively simple operations of bending
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and making end-to-end seals and T-seals. The essential differ-
ence between glass working in place and in the hands is that,
in the former, the glass is not rotated in the flame; the flame is
rotated about the glass. This operation requires a different kind
of dexterity, but it is not difficult to learn.

The bending procedure is very similar to that described above
except when the direction is down. Then gravity can be of assist-
ance in helping to make a smooth bend, which can be made
little by little. The operation is controlled slightly by the hand
but mostly by the manner of heating.

=
7
A
DN
D)
B

Frc. 10. Making a ring seal. Method II.

All in-place seals requiring the glass to be heated until it is
fairly fluid are subject to the difficulty of having the hot glass
flow downward. In general, therefore, it is best to minimize the
time of heating, and also to work the glass at as low a tempera-
ture as possible. Ordinarily this gravitational flow of glass will
not cause serious trouble, but, when a seal requires considerable
reworking, it may in the process become very thin at the upper
portion and undesirably thick at the lower part. This can be
remedied, with care, if the lower section is not clamped or other-
wise held in place, by heating the seal and pushing the lower
section upward and pulling it down a little, several times. If the
lower section cannot be moved, it may be necessary to reinforce
the thin section by melting glass rod into the tubing at the upper-
most part of the thin section, helping this extra glass to work
down to thicken the weak parts by repeated heating and blowing.
Points of unequal thickness are undesirable, even when well
annealed, as thermal strains will be set up on subsequent heating
because the thick spots will become heated more slowly and cool
more slowly. Thick accumulations of glass which cannot be
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worked back to their origin should therefore be removed. This
can be done by melting the spot, pushing a piece of cold glass
rod into the center, and pulling the excess glass out with it.

When blowing is done through an intricate system of tubes,
and especially when there are some tubes of large volume, pres-
sure control becomes much less delicate. There is a delay be-
tween applying pressure at the source and increasing pressure
at the heated joint, and, similarly, the pressure at the joint con-
tinues for a little while after application at the source has stopped.
Furthermore, when there are large volume and narrow tubes,
one must blow considerably harder to produce the same effect.
It is therefore necessary to learn to compensate for these varia-
tions when working the glass of a complex vacuum line, and it is
preferable to attach a blowing tube as close as possible to the
joint to be worked.

Closed Circuits. The problem of making closed circuits of
glass tubing is essentially that of connecting two open ends
which are in fixed position at some distance from each other.
This operation involves sealing in place a piece of tubing which
is of exactly the right length, or which can be made to fit by
bending. Since normally both ends are not sealed simultane-
ously, the final problem is to fit the end of this piece of tubing
to the desired opening and to seal it there.

Sometimes it is possible to measure and cut exactly the correct
length of tubing, in which case making the closed circuit is fairly
simple. More often, it is not possible to measure exactly. Then
it seems better to take a piece which is somewhat too long, seal
it in place at one end, bend it around to the second opening,
and then cut it to the correct length. It may then be bent to fit
closely, but it still may not be possible to push the two halves
of the seal together when they are heated. Heating causes the
glass to shrink back, and the fit is worse than before. Then a
piece of Pyrex rod about 1 mm in diameter becomes very useful.
The two ends to be sealed are heated strongly, and the glass rod
is then thrust into the soft edge of one end and quickly pulled
over to the other end. After cooling a moment, the rod can
easily be broken loose and the process repeated. In this manner,
the joint can be pulled together bit by bit. If this method
involves stretching of the glass to the point of excessive thinning,
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some of the glass from the rod may be incorporated in the joint
at the desired places. Once the joint is thus closed so that it is
airtight, it can be melted down and smoothed by blowing. By
this method it is possible successfully to close a gap equal to the
diamcter of the tubing.

When such a joint is heated before it is completely scaled,
shrinkage of the glass causes the narrow, unscaled cracks to be-
come disconcertingly large, round holes. These may be filled
with glass from a piece of rod, but it is much more satisfactory
to pull them closed again by the procedure described above.
Since all the original glass is still there, making up the rim of
the hole, it is possible to close the hole completely without add-
ing any new glass and without thinning the area.

Very small unsealed places, and cracks and holes in general,
may often be sealed by applying hcat carefully at one side of
them and very gradually moving it nearer, until the molten glass
fuses over the hole. If hcat is applied directly at the unsealed
spot first, however, it will almost invariably result in the glass
spreading apart instead of melting together.

Sealing off Apparatus in Vacuo. In various procedures to be
described later, which involve the removal of materials from the
vacuum line without admitting air, it is necessary to seal off
apparatus in vacuo. Two chief factors are involved. One is that
glass which is evacuated, being under a pressure differential of
1 atmosphere, will collapse readily under this pressure when
warmed to its softening point, and may even form a hole by
“sucking in” if heated too hot. The other is that, no matter how
thoroughly glass has been baked and evacuated, it will give off
small amounts of gases such as water vapor, carbon dioxide and
air, when heated to the necessary fluidity. The problem there-
fore involves making a smooth, strong seal under adverse circum-
stances and avoiding contamination of the contents of a tube by
gases and vapors desorbed during its sealing.

If the eventual need for sealing off can be predicted, it is better
to prepare in advance by forming a short, constricted section with
thickened walls at the point to be sealed. When it is time for
the actual melting down and pulling away of the tube, there
will be less danger of part of the seal becoming overheated and
blowing in to form a weak, thin spot. Only the thick-walled
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section is heated, heat being applied very gradually and very
uniformly until the walls begin to collapse under the pressure
of the atmosphere. Slight tension is applied to elongate the
softened section, and pumping is continued while the hollow
part of the section becomes smaller and smaller. This procedure
removes most of any desorbed gases until the very last moment,
when the opening is quickly scaled shut, and the glass on the
vacuum line side is then heated enough to permit pulling the
whole tube entirely away from the line. The surplus thick glass
at the end of the tube may then be removed by careful heating
with a tiny flame and pulling away, avoiding heating the walls
of the tube. Finally, the tip is annealed; annealing is particu-
larly important if the tube is to be subjected to considerable
pressure.

When it is necessary to seal off a tube or section of apparatus
without the benefit of preliminary constricting and wall thicken-
ing, essentially the same procedure is followed, but much greater
care is necessary to control the collapsing of the walls before the
seal is completed. After the walls have collapsed almost to the
point of closing the tube, all further heating should be applied
on the side of the constriction away from the tube, while the tube
is being pulled gently away from the heated area.

Clamping Interconnected Apparatus. The best way to clamp
and support interconnected glass apparatus like that in a high
vacuum line is not necessarily obvious. It is surprisingly difficult
to place several clamps in positions to support intricate apparatus
securely without placing on the apparatus considerable strain
due to imperfect alignment.

Metal clamps should be padded for holding glass firmly, but
not with resilient materials like rubber. Asbestos, in either sheet
or powder form, is practically ideal. It is moistened and placed
between the clamp jaws and the glass, and the clamp, aligned
as carefully as possible, is closed snugly. When the asbestos has
dried, it provides an adequately firm but not too rigid support
for the glass, and it can be removed easily when necessary either
by breaking away or by wetting and removing. Furthermore,
it can be heated with a direct flame without being damaged.

When two or more clamps are placed firmly about the same
piece of apparatus, it is very desirable to remove any possible
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strain due to imperfect alignment by heating a section of the
interconnecting tubing until it is soft enough to bend under the
stress. This is the only way to be sure that the clamps are not
exerting a stress on the glass.

Clamps should never be placed over or very near seals, where
they may prevent the discovery of leaks in the most probable
location by interfering with the functioning of the leak detector,
as will be explained in the next chapter. They should, howcver,
be placed as close as possible to all parts of the apparatus where
stress is most likely to be applied, as, for example, near stopcocks.

There are a number of useful references for those who may
wish to study the art and science of glass blowing in further
detail.

t For example, see R. H. Wright, Manual of Laboratory Glass-Blowing,
Chemical Publishing Company, Inc., Brooklyn, N. Y., 1943; J. Strong, Pro-
cedures in Experimental Physics, Prentice-Hall, Inc., New York, 1944; J. D.
Heldman, Techniques of Gluss Manipulation in Scientific Rescarch, Prentice-
Hall, Inc., New York, 1946; W. E. Barr and V. J. Anhorn, “Scientific Glass
Blowing and Laboratory Techniques,” published as a serial in Instruments,
beginning 18, 874 (1945), and continuing monthly into 1947,



CHAPTER F O U R

Producing a High Vacuum

GENERAL PRINCIPLES

As previously mentioned, the technique of handling volatile
materials in a high vacuum system depends upon the fact that
gases diffuse rapidly throughout a vacuum. This makes it pos-
sible to transfer volatile materials to any desired part of the
system merely by cooling that part to a temperature at which
the materials have a very low vapor pressure. There they con-
tinue to collect and condense until only that concentration of
vapor is left throughout the system which is in equilibrium with
the condensed phase at the low temperature.

In the absence of appreciable amounts of noncondensable
gases, this transfer of volatile materials to a cooled zone takes
place rapidly. However, in the presence of even small concen-
trations of noncondensable gases, the diffusion of the condensable
vapors is much slower, simply because the noncondensable mole-
cules get in the way. It is necessary to keep the partial pressure
of noncondensable gases below 10~2 mm of mercury, and prefer-
ably below 10—* mm, in order to effect quantitative transfers of
condensable materials at a practical rate. The removal of non-
condensable gas from the system must therefore be accomplished
before condensable materials can be efficiently handled. This
calls for a good pumping system, capable of producing the neces-
sary high vacuum in a reasonably short time.

For the present purposes, it is not necessary to consider in de-
tail the theory and practical measurement of pumping speeds at
low gas pressures. This subject is adequately treated in most
books dealing with the production of high vacua from the stand-
point of the physicist. However, before the required pumps are
considered, it should be useful to create a mental picture of the
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molecular activity within an enclosed space which is being evac-
uated.

Each gas molecule in the enclosed vacuum apparatus is trav-
eling rapidly (at a rate of the order of 1000 feet or more per
second) in a straight line in a random direction; it strikes an-
other molecule and bounces away in another direction with
perfect elasticity. At atmospheric pressure and 25°C, there are
3.26 X 10*¢ molecules per milliliter, all traveling in random direc-
tions and at the same average high speed. Since these molecules
are of appreciable size (oxygen and nitrogen molecules are ap-
proximately 3 & in diameter), there are innumerable collisions.
The average distance which a molecule travels between collisions
is called the “mean free path,” which may be calculated by use
of the equation
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where A is the mean free path in centimeters, n is the number
of molecules per milliliter, and d is the molecular diameter in
centimeters. At 25°C, this equation can be shown to take the
form

1

0.069

Pg?
where A is the mean free path in centimeters, P is the pressure
in millimeters of mercury, and d is the molecular diameter in
Angstrom units (10=8 em). Thus at atmospheric pressure and
25°C, air molecules travel an average of only 10—% cm between
collisions.

With this concept of molecular activity in mind, consider the
behavior of a gas introduced at one end of an evacuated space.
There is no attractive force compelling any individual molecule
of that gas to travel to the other end. However, it is obvious
that any rapidly moving, perfectly elastic particle such as the
ideal gas molecule will tend eventually to move toward the other
end because it will encounter less resistance (have fewer colli-
sions) in that direction. In other words, the mean free path in
the direction of the other end is longer than in any other direc-
tion, and therefore there is a net movement, or flow, of gas toward

(1a)
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that end. The result of this kinetic, molecular nature of a gas
is that it diffuses most readily through a vacuum, or in any direc-
tion where the mean free path is longer. The motive power for
gas flow is inherent in the gas; it cannot result from a mechanical
force applied at a distance.

It is apparent from this molecular picture that a pump can have
no actual attraction for the gas. The best possible pump can do
no more than remove permanently those molecules which wander
into it. The only reason why there is any net movement of mole-
cules in the system toward the pump is that, when some of the
molecules diffuse into the pump and are removed, the adjacent
molecules can then travel farther, on the average, toward the
pump than in other directions, before colliding. This is an ade-
quate reason for gas flow, and, in practice, evacuation of the bulk
of the air from an enclosed system is effected rapidly with a rea-
sonably good pump.

Removal of the last part of the air, however, presents much
greater difficulty. The air molecules are, of course, colliding not
only with each other but also with the walls of their container.
At all but very low pressures, the mean free path is so short com-
pared to the dimensions of the container that these collisions
with the container can have only a negligible effect on the flow
of gas toward the pump, since they are far outnumbered by
intermolecular collisions. However, as the concentration of mole-
cules becomes smaller, the mean free path becomes longer, as
seen from equation (1). At 10~2 mm it is equal to 0.77 cm,
which is beginning to approach the dimensions of the container,
and at 104 mm it is 77 cm. At these low pressures, therefore,
the number of collisions with the container walls approaches and
exceeds the number of intermolecular collisions. It has been
found experimentally that this change in the average type of
collision has a significant effect on the rate of diffusion of gas
toward a vacaum pump. When the pressure has been reduced
to a point where the mean free path of the molecules is relatively
large in comparison with the dimensions of the container or tube,
the resistance of the tube to gas flow becomes proportional to the
length and inversely proportional to the cube of the radius.* Tt is

1 M. Knudsen, Ann. Physik, 28, 75, 999 (1908); W. Gaede, Ann. Physik. 48,
357 (1915); I. Langmuir, Phys. Rev., 8, 48 (1916).
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%nterestin‘g' to speculate that this may be due in part to micro-
1rreg'ul.ar1tles of the surface of the inner walls and in part to in-
elasticity of the collisions with the walls, or sorption. A theoreti-
cal treatment is beyond the scope of this discussion, however.
The important point is that the rate of diffusion of gas toward
a pump at low pressures is very much affected by the dimensions
of the tube.

It can be seen from the above discussion that there are two
equally important factors to be considered in providing for the
rapid removal of noncondensable gases from a vacuum system.
Pumps must be used which are capable of efficient elimination
of all gas molecules reaching them down to a very low pressure,
and also it must be possible for gas molecules to reach them by
as rapid diffusion as possible.

Modern pumps are very efficient. On the other hand, it is not
practical to avoid small dimensions in parts of a general purpose
chemical high vacuum line. Therefore the fact must be recog-
nized that the dimensions of the line, not the pumps, limit the
speed at which noncondcnsable gas can be ejected. No advan-
tage is to be derived from using better pumps than are justified
by the dimensions of the system to be evacuated. The general
principle of keeping all connecting lines large in diameter where
practical, however, should be observed. With main lines about
20 mm in diameter, connecting lines 8 mm in diameter, mercury
float valves, and one or two stopcocks of not less than 3-4 mm
bore, an average high vacuum system, properly conditioned, can
usually be pumped from a pressure of 1 atmosphere of dry air
to below 10~ * mm in 20-30 minutes, with a pumping system like
that described below.

VACUUM PUMPS

Two pumps are needed, to operate in series. One is a diffu-
sion, or “condensation” pump, capable of producing the high
vacuum needed, and the other is a mechanical pump, which pro-
duces a rough vacuum necessary for proper operation of the
diffusion pump.

Diffusion Pumps. These are devices wherein gas molecules
diffusing from a system to be evacuated are irreversibly entrained
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by a stream of vapor which sweeps them to where they can
diffuse into a second pump capable of ejecting them into the
atmosphcre. The vapor is condensed and returned to a boiler,
where it is re-cvaporated and recycled continuously past the
point of entrainment. The most useful type of diffusion pump,
often referred to as a “condensation pump” because it provides
for prompt condensation of the vapor shortly after the vapor has
passed the point of entrainment, was invented by Langmuir.*
Innumerable variations of the basic design have been proposed,
mostly with the objective of increasing pumping speeds, but one
of the simpler modifications will be found quite satisfactory for
use with the type of high vacuum system to be described herein.
For example, a practical design with suitable dimensions is shown
in Figure 11. A pump of this type can be constructed by a com-
petent glass blower without great difficulty.

The original diffusion pumps used mercury as the liquid for
distillation; recently, high boiling organic oils have frequently
been used instead. Some of the oil-filled pumps are said to be
more rapid in action, but, owing to the comparative susceptibility
of oils to oxidation and contamination, mercury diffusion pumps
seem preferable for chemical high vacuum work.

The mercury pump illustrated functions as follows. It is in-
stalled between the vacuum system at B and a mechanical fore
pump at C. The fore pump, which will be described below,
evacuates the system including the mercury pump to a pressure
below 1 mm and preferably below 0.1 mm. The mercury in the
boiler is then heated to boiling. (The boiler illustrated, which
permits heating by means of an inset electric heating unit such
as can be purchased to screw into an ordinary electric lamp
socket, is very satisfactory in providing for smooth ebullition of
the mercury. In view of the fragility of glass and the density
of mercury, this is a desirable attribute, as superheating with
consequent “bumping” is to be avoided.) The vapors of mercury
stream out of the opening at A, there entraining air molecules
which diffuse there from B. Within a short distance, the mercury
vapor strikes the cooled walls and condenses, to return to the
boiler via the return trap. The entrained air is thus liberated

21, Langmuir, Gen. Elec. Rev., 19, 1060 (1916); J. Franklin Inst., 182,
179 (1916).
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in the condenser tube and is accumulated there until it diffuses
out at the pressure resulting from the fore pump. There is thus
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Fic. 11. Mercury condensation pump. All tubing dimensions O.D.
(Courtesy of C. J. Lewis.)

maintained a pressure differential between the air in the con-
denser tube and the air in the vacuum system, but it cannot be
equalized because the air cannot effectively diffuse back into B
against the steady stream of mercury vapor. Backed by an ade-



36 Producing a High Vacuum

quate fore pump, such a diffusion pump is easily capable of pro-
ducing a vacuum in a good system better than 10~ mm.
Mechanical Fore Pumps. There are two common makes of
mechanical fore pumps on the market, both of which are suitable
for backing a mercury diffusion pump of the type described. One
is the Cenco Hyvac, sold by the Central Scientific Company, and
the other is the Welch Duoseal, a product of the Welch Scientific
Company. Both work on the principle of continuously and ir-
reversibly sweeping gas from an inlet to an outlet, under protec-

Inlet

Inlet

Cenco Hyvac Welch Duoseal
Fic. 12. Mechanical fore pumps.

tion of an oil seal. In dctail they are somewhat different, the
essential differences being illustrated in Figure 12. The Hyvac
pump has inlet and outlet ports close together, separated by a
single vane which passes through the casing and is constantly
held against a cylinder by means of a spring. The cylinder
rotates eccentrically about an axis which coincides with the cen-
ter of the casing. The Duoseal pump, on the other hand, has
ports farther apart, separated only by an oil seal of 1/ 10,000-inch
clearance between a cylinder which rotates on center and the
stationary part or stator. Here the air is not swept out by the
cylinder itself, as in the Hyvac, but by vanes, mounted in the
cylinder, which are held constantly against the stator inner wall
by springs.

The Welch pump operates at a somewhat higher oil bath tem-
perature. This has the advantage of slightly more rapid removal
of volatile contaminants by evaporation, and the disadvantage of
making the oil slightly more susceptible to deterioration by oxida-
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tion. The Welch pump operating at high vacuum is practically
silent, but the Hyvac pump is not. Both pumps should be pro-
tected against corrosive vapors; it is believed that the Welch
pump may be somewhat more susceptible to operating failure
from such vapors, because of corrosion at the close clearance seal
between rotor and stator,

Both types of pumps are provided with means of preventing
the oil from being forced back into the inlet port when the pump

To vacuum line
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reservoirs
To mercury
Bench reservoir
top 1} [ [ [
;x (onltralp) } I : !
1
Crude  Mechanical L Mercury—f
vacuum  fore pump condensation
chamber pump

Fic. 13. Suggested system for connecting pumps to vacuum line.

is left shut down while attached to an evacuated system. How-
ever, it is very much easier to install, between mercury pump and
fore pump, a trap capable of containing such oil if the means of
restraining it should fail than it is to disconnect and clean and
refill a mercury diffusion pump which has become flooded with
oil.

Pump Connections. Figure 13 suggests a method of connect-
ing the vacuum pumps to the system. It is desirable to provide
a bypass for the diffusion pump so that the mechanical fore
pump may be used directly to evacuate the system. When opera-
tions with the vacuum system require temporary admission of air
followed by its removal, it is better to remove the bulk of it with-
out passing it through the hot diffusion pump, where it accel-
erates the formation of mercury oxide scum and from which it
may sweep appreciable quantities of mercury vapor over into
the fore pump. Although experience has shown that the amount



38 Producing a High Vacuum

of mercury which may collect in the fore pump with normally
careful use is not harmful, there is no point in needlessly con-
taminating the fore pump with mercury.

Numerous mercury reservoirs will be described in later sec-
tions as parts of the high vacuum apparatus. These need a rough
vacuum source for operation. Although a water aspirator can
provide the necessary vacuum, it has been found very convenient
to have a separate vacuum chamber which can be evacuated
intermittently by the fore pump, and which will operate the
mercury reservoirs. The requirements and construction of such
a chamber will be described in a later section; Figure 13 shows
how it can be connected.

From the high vacuum apparatus via the diffusion pump to
the fore pump, a continuous glass line is best. Here the glass
must be joined in a vacuum-tight seal to the metal inlet of the
fore pump. This can be done satisfactorily by bringing the glass
end very close to the metal tube opening and joining the two by
means of a coupling of thick rubber tubing. The coupling may
be held securely by ordinary metal hose clamps and lacquered
at the ends.

Location of Pumps. The diffusion pump and the fore pump,
as well as the vacuum chamber, should be easily accessible but
out of the way, since once assembled, they rarely need attention,
It has been found convenient to mount them in an enclosing
cabinet beneath the bench top supporting the high vacuum appa-
ratus, with only the stopcocks above the bench top. This ar-
rangement has an added advantage in minimizing the possible
hazard due to contamination of the room atmosphere by mercury
vapor from the diffusion pump. No matter where the pumps
may be located, however, it is good practice to provide for ef-
ficient ventilation, as by a funnel inverted over the mechanical
pump air outlet and connected by rubber tubing to a laboratory
vacuum source or a small air pump under a hood.

EVACUATING THE APPARATUS

A leak-proof high vacuum apparatus connected to an adequate
pumping system is necessary but not sufficient for the production
of high vacuum. It is a simple matter to remove all the air down
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to a pressure below 1 mm, but, from there on down, mere appli-
cation of the pumps would prove very discouraging, especially
when the glass has been newly exposed to ordinary atmospheric
air and moisture. The reason for this is that glass holds tena-
ciously on to appreciable amounts of carbon dioxide, air, and
moisture by sorption, and these are released in vacuo only ex-
tremely slowly at ordinary temperatures. In fact, it is necessary
to heat the glass to about 300°C in order to liberate the adsorbed
gases at a rapid rate, and, at higher temperatures, gases from
beneath the surface of the glass are given off indefinitely. In
order to obtain as high a vacuum as desired, therefore, it is nec-
essary to “bake out” the new apparatus by heating it, while pump-
ing, with a gas-air “brush” type of flame. A rough qualitative
indication of temperature is the color of the flame while the glass
is being heated. As the glass approaches the point at which it
is sufficiently soft to collapse under pressure of the atmosphere,
it begins to impart a pink color to the gas flame which would soon
turn to the familiar blinding yellow sodium flame if the heat
were continued. In order to prevent distortion or collapse of
the glass, heat should be removed as soon as the pink color occurs.
Repeated heating of the apparatus is necessary i1 order to drive
away enough of the sorbed gases so that a good vacuum may
thereafter readily be obtained.

When the apparatus is new, it will be found to give forth gases
very slowly at room temperature, even after baking, After it
has been kept evacuated for some time, however, with intermit-
tent heating, it gradually becomes conditioned, and it may be
evacuated more quickly and will hold its vacuum better. Even
so, it is usually desirable to rebake it after every exposure to
vapors, particularly those of relatively high boiling liquids or of
polar substances, such as water, ammonia, and hydrogen chloride,
which are strongly sorbed by the glass.

LOCATING LEAKS

The best of glass blowers sometimes leave tiny holes in what
appear to be perfect seals. Ordinary amateur glass blowers fre-
quently do. Presumably these usually are not due to failure to
force the members firmly enough together in making the seal, or



40 Producing a High Vacuum

to failure to melt the glass down enough to provide material con-
tinuity at the seal, but to such causes as minute specks of dirt
which prevent perfect fusion of the glass.

In addition to these tiny holes, sometimes microscopic cracks,
due probably to imperfect annealing, appear in the glass.

Besides these imperfections which may occur as an immediate
result of the fabrication of the apparatus, there are sometimes
weaknesses where holes not initially present develop on standing.

A vacuum of the desired degree cannot be produced or main-
tained if leaks are present. Fortunately, there is an excellent
tool for locating very small holes—the high frequency spark dis-
charge coil known as the Tesla coil. This instrumet discharges
a stream of sparks in all directions into the air. Wherever there
is a stream of air flowing into a hole in the apparatus, these
sparks converge into a single beam which goes directly to the
hole, so that its exact location can readily be seen. The Tesla
coil is extremely useful for finding leaks in glassware under
vacuum (below 1 mm), except, of course, within a half inch or
so of iron clamps, which will attract the spark more strongly
than the hole. The chance of a leak occurring along an unworked
length of tubing is very remote compared to the chance of a leak
at a seal; consequently, if clamps are kept away from seals, the
Tesla coil is capable of finding virtually all leaks which may
occur in the apparatus, except sometimes in lubricated glass
joints, as discussed below.

Some workers advise caution in the use of the Tesla coil, point-
ing out that a strong spark is capable of forming holes where
none existed previously. However, it is far better to locate and
eliminate all weaknesses and potential sources of leaks than to
have leaks occur during an experiment.

Leaks in glass may be temporarily closed by application of a
small amount of a wax such as picein. For permanent repair,
it is sometimes possible to fuse the glass together at the hole
merely by melting and blowing, but a surer method is to remove
some of the glass at the imperfection first, replacing it if neces-
sary with fresh glass from a thin Pyrex rod. By this means, the
impurity causing the initial imperfection or failure will be re-
moved.
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Whenever stopcocks or other lubricated ground joints are part
of the system to be evacuated, they should be under constant
suspicion as possible sources of leaks. Such leaks are not easily
detected by the Tesla coil, but they may usually be discovered
by visual inspection of the ground joint. If the lubricant forms
a perfectly clear, transparent film over the entire ground area,
leakage is very unlikely. If the film shows minute areas or streaks
of opaqueness, or any sign whatever of channeling, the joint may
or may not be leaking, but it should be relubricated or the lubri-
cant should be worked in better as a precaution. Visual inspec-
tion is not infallible, however. When all search for leaks fails,
cleaning and carefully relubricating all ground joints in the sys-
tem will usually result in elimination of leakage.

It is always well to bear in mind that the slow desorption of
gases from the inner walls of the system or from contaminated
ground joint lubricant may be mistaken for leakage. Even an
enclosed system entirely without leaks cannot be expected to
maintain a high vacuum for any extensive period of time unless
most of such sorbed gas has first been removed.

NATURE OF THE VACUUM PRODUCED

It should be remembered that in references to vacua better
than 10—3 mm herein, the presence of mercury vapor is being
ignored. Actually, since the high vacuum apparatus contains
mercury, mercury vapor at a pressure of about 2 X 10—3 mm
will be present. Since this vapor is chemically quite inert and
is readily condensable, it does not interfere scriously with evapo-
ration-condensation processes within the system. This presence
of mercury vapor is an important difference between high vacua,
as used in the experimental methods of chemistry described
herein, and high vacua in physics, where the necessity for a closer
approach to absolute vacuum makes the trapping out of mercury
vapor imperative. Incidentally, it also accounts in part for the
growing preference for oils as pump liquids, whose vapor pres-
sure is very much lower than that of mercury. As stated earlier,
mercury still seems to be the best diffusion pump liquid for gen-
eral chemical work.



42 Producing a High Vacuum

To maintain a proper perspective in the concept of high
vacuum, it is well to realize that, even if the presence of mercury
vapor is disregarded, the best vacuum normally produced in
chemical high vacuum apparatus is 10-¢ mm. Although this
reduces the concentration of air molecules to a point at which
they do not interfere appreciably with the diffusion of other
gases and vapors in the system, there are still over thirty-five
thousand million air molecules per milliliter.
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Measuring Pressure

LOW PRESSURE

There are a number of gages® which are capable of measuring
the low pressures attainable in the chemical high vacuum system,
but for the general purposes to be described herein there is none
more suitable than the McLeod gage.? This is a device based
on Boyle’s Law, which states that the product of the volume and
the pressure of a gas is a constant. The gage provides a means
of cutting off a definite large volume of gas which is at the low
pressure to be measured, and compressing it into so small a
volume that the pressure becomes high enough to be measured
by an ordinary mercury manometer. If the large known volume
is V and the pressure is P, and if the gas is compicssed to a meas-
ured small volume v at a pressure p which can be measured
directly, the low pressure P = pv/V.

Many modifications of the McLeod gage have been suggested.
The simple design shown in Figure 14 is quite satisfactory. The
mercury reservoir may be constructed from a 200-ml round-
bottom flask, and the bulb from a 50-ml flask. A capillary with
a bore 1 mm in diameter is suitable, provided the bore is uniform.
The uniformity may be determined by measuring the length of
a thread of mercury at various positions along the capillary. The
diameter may easily be calculated from the length of the mercury
thread, the density of the mercury at the temperature of measure-
ment, and the weight of the mercury. The capillaries B and B’
should be constructed from the same uniform piece. The bulb
and capillary section may be calibrated with sufficient accuracy

1 For a description and discussion of these, see M. F. Behar, Instruments,
4, 231-242 (1981); S. Dushman, Instruments, 20, 234-239 (1947).
2 McLeod, Phil. Mag., 47, 110 (1874).
43
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by measuring the volume of liquid necessary to fill it before seal-
ing it to the rest of the gage at A.

To operate the gage, its upper part is opened to the system
whose pressure is to be measured by drawing the mercury down
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Fic. 14. McLeod gage. Fic. 15. Manometer and method
of filling.

well below A by means of a rough vacuum exerted on the reser-
voir. Then air is carefully admitted to the reservoir, forcing the
mercury up past A and thus compressing the gas above that
point into the capillary. The gage is usually read with the
mercury level in capillary B’ exactly opposite the top of capillary
B. It is generally necessary to tap the capillaries gently to adjust
the mercury level to insure that the mercury does not stick at the
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wrong place. The pressure to be measured is then equal to the
product of the gas volume in capillary B times the pressure as
measured by the difference in mercury levels in capillaries B and
B’, divided by the volume of the gage above A.

Unless the capillaries are perfectly clean, the gage may not
register accurately because of sticking of the mercury. There-
fore it is especially important to use pure mercury and to avoid
contamination. The capillaries may be freed of mercury oxide
scum and other surface impurities by thorough evacuation at a
temperature just below the softening point of the glass. Further-
more, the gage will not measure accurately the pressure due to
easily condensable vapors, since these may actually be partially
liquefied in the capillary when they are compressed.

A McLeod gage may be broken, if air is admitted too rapidly
to the reservoir, by the quick surge and impact of mercury in the
bulb. A capillary air inlet is thercfore provided, and the mercury
tube D extends into the pit at C to minimize the possibility of
getting an air bubble into the mercury column. To be doubly
safe, the bottom of the tube D could be constricted at C to a
diameter of about 2 mm, but this would be at the expense of
more rapid operation of the gage.

The mercury reservoir should be firmly supported by a cork
ring or, better, by a form-fitting base of plaster or asbestos.
Plaster of Paris is mixed with water to form a slightly fluid paste
which is poured into a shallow wooden or heavy cardboard box
a little larger than the reservoir bulb. The bulb is coated with
oil, to prevent sticking to the plaster, and held in the plaster from
one-third to halfway immersed for the few minutes necessary
for the plaster to set.

A McLeod gage of the dimensions given above is by no means
a precision instrument.* It would not be suitable for highly
accurate measurcments of pressures below 10—2 mm, but it is
adequate to give a semi-quantitative measure of whether the
vacuum is sufficiently good, which is all that is ordinarily required
in chemical high vacuum work.

3 For an example of a more accurate gage, see P. Rosenberg, Rev. Sci.
Instruments, 10, 131-134 (1939). For a general discussion, see L. Dunoyer
(trans. by J. H. Smith), Vacuum Practice, D. Van Nostrand Co., New York,
1926, pp. 61-74.
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ORDINARY PRESSURE

A mercury manometer suitable for ordinary pressure measure-
ment, ranging from a few tenths of a millimeter to about 1 atmos-
phere, is shown in Figure 15, together with a method of filling it.
Such a manometer may be constructed from 2-mm capillary
tubing and 10-mm tubing. It is necessary to seal a temporary
side arm on at C to admit a dropping funnel for adding mercury.
The dropping funnel is sealed into the side arm with picein.

The procedure for filling follows. The entire manometer is
thoroughly baked under the highest vacuum attainable with the
pumps. When this process is complete and the glass is cool,
clean mercury is added from the dropping funnel, the vacuum
being maintained, until the manometer is filled to the indicated
mark. Dry, CO»-free air is then admitted to the vacuum system,
the side arm is pulled away at C, and the glass is worked to pro-
vide a smooth, uninterrupted tube from the manometer to the
vacuum system.

No matter how thoroughly the manometer is degassed before
it is filled, there is likely to be a very slow evolution of sorbed
gases from the glass into the space on the dead-end side of the
manometer. The small trap at the top of the manometer is pro-
vided for the purpose of renewing this Toricellian vacuum when
necessary. By use of compressed air, the mercury is forced up
to the very top at A’. Then the air pressure is released to allow
the mercury to fall back to its normal position at 1 atmosphere
pressure. As it falls through the bent capillary, this is tapped
sharply to break the mercury thread. A small thread of mercury
thus remains in the capillary, retaining in the small bulb at the
top of the manometer any gases carried up by the rising mercury
column. Obviously it is important in constructing the manometer
to allow ample space between A and B to supply mercury to fill
the volume from B’ to A’.

When the manometer is perfectly clean and of the above-
mentioned dimensions, it should be accurate to within about 0.2
mm. In order to keep the manometer clean, it is advisable to
bake out the pressure side after it has been exposed to vapors.
This can be done crudely by cautiously warming the mercury
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at a very low pressure and tapping the manometer intermittently
to permit the bubbles of desorbed gas to rise through the mer-
cury. A more thorough degassing can be accomplished if the
mercury is out of the way. Dry air is admitted to the system
to shift the mercury to the position corresponding to 1 atmos-
phere pressure. While it is in this position, a small piece of
cotton saturated with liquid nitrogen is wrapped around the
capillary at the bottom of the manometer and kept there, with
nitrogen frequently replenished. This freezes a small plug of
mercury in the capillary, which immobilizes the rest of the
column. The air may now be evacuated, leaving the manometer
still reading 1 atmosphere pressure, and the pressure side of the
manometer may be baked -ut under vacaum. The mercury plug
is kept frozen until the baking and outgassing is complete, and
the glass has cooled, when it is allowed to melt again and the
manometer is once more ready for use.

Table I gives corrections for the thermal expansion of mercury,
since pressure is conventionally measured in millimeters of mer-
cury at 0°C. At ordinary room temperature (about 25°C) the
correction is negligible (less than 0.2 mm) for pressures under
about 50 mm.

TABLE 1. PRESSURE CORRECTION FACTORS FOR THERMAL
EXPANSION OF MERCURY

(Factor times observed P = corrected P)

Temperature, Temperature,
°c Factor °c Factor
15 0.9973 26 0.9953
16 0.9971 27 0.9951
17 0.9969 28 0.9950
18 0.9968 29 0.9948
19 0.9966 30 0.9946
20 0.9964 31 0.9944
21 0.9962 32 0.9942
22 0.9960 33 0.9941
23 0.9959 34 0.9939
24 0.9957 35 0.9937

25 0.9955
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Low Temperatures

PRODUCING LOW TEMPERATURES

The basic materials for the production of low temperature
baths for chemical high vacuum work are liquid nitrogen, solid
carbon dioxide, and, to a lesser extent, liquid ammonia. These
may be used to produce baths of any desired temperature be-
tween 0°C and —210°C. A thorough understanding of the na-
ture of these substances is very worth while.

Liquid Nitrogen. Of the refrigerants mentioned above, liquid
nitrogen is the most indispensable and the most versatile, since
it alone can be used to produce the entire low temperature range
ordinarily needed. Liquid nitrogen is obtained through lique-
faction of air. It is a clear, very mobile liquid, which maintains
itself at its boiling point (—196°C) at atmospheric pressure by
the cooling produced by evaporation. It may be used for pro-
ducing lower temperatures down to about —210°C by evaporat-
ing with a vacuum pump. It may be used directly as a cooling
bath or, indirectly, to cool some other liquid bath medium.

Liquid nitrogen evaporates very rapidly unless it is efficiently
shielded from sources of heat. It can only be stored with real
economy in a highly evacuated, silvered Dewar flask, loosely
stoppered. (Obviously it must never be tightly confined.) Large
metal containers are commercially available which are less ef-
ficiently insulated but much more practical for obtaining and
transporting liquid nitrogen from the producers, and for larger
scale storage.

Liquid nitrogen should be handled with due regard for its
ability to damage human tissues by freezing. The eyes in par-
ticular should be protected against the spattering which may
occur, not only during pouring, but also as a result of extremely

48
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rapid evaporation when the liquid comes in contact with a
warmer material. In small amounts, however, liquid nitrogen
is less hazardous than some other refrigerants, because it evapo-
rates so rapidly when spilled on the skin that a gaseous cushion
practically prevents actual contact of the liquid. This minimizes
the damage, causing chicfly a tingling sensation.

Liquid nitrogen is a very rapidly acting coolant, not only be-
cause of its low temperature but also because of its mobility.
Therefore, good practice is to introduce it into or around glass
vessels with care, a little at a time, to lessen the risk of fracture
due to thermal strain. Pyrex Dewar flasks are preferred con-
tainers, and even these are best cooled by rinsing with a small
amount of liquid nitrogen first, before they are filled. Well-
constructed vacuum flasks made of glass which is not Pyrex may
be used to contain liquid nitrogen if preliminary cooling is carc-
tully carried out by rinsing with successive small portions of the
liquid; otherwise they are very apt to shatter. As for tubes of a
vacuum apparatus, such as condensation traps, the chance of
breakage due to thermal shock by sudden immersion in liquid
nitrogen is extremely slight if the glass is thin-walled, properly
annealed Pyrex. However, the fact that the chance exists is ade-
quate reason for observing some degree of caution in cooling
with this refrigerant.

The above discussion of the physical propertics and use of
liquid nitrogen might seem sufficient, in view of the fact that,
from a chemical standpoint, pure liquid nitrogen is inert. How-
ever, because of its lower boiling point, it is capable of absorbing
and condensing oxygen (b. —183°C) from the air, and it is pos-
sible for liquid nitrogen which has bcen exposed to the atmos-
phere for some time to contain an appreciable concentration of
oxygen. It is also possible for liquid nitrogen as originally ob-
tained from the source of production to contain some oxygen.
Since mixtures containing liquid oxygen and combustible mate-
rials can be violently explosive, liquid nitrogen may be potentially
hazardous, depending on its purity. It is difficult to know the
extent or degree of this hazard, but it is important to recognize
where such a hazard may exist.

Formerly liquid air (liquid nitrogen containing 20% oxygen)
was used instead of liquid nitrogen, and it is sometimes still used,
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for vacuum work. It was not uncommon practice to prepare
cooling baths by mixing the liquid air directly with very inflam-
mable materials like carbon disulfide. This was usually accom-
plished without accident, but now and then, without warning or
apparent reason, there would be a violent explosion.! H. Staud-
inger * investigated this explosiveness and found that 1 ml of
ether mixed with about 2 ml of liquid air, when ignited by a
spark, exploded with the force of 4 g of nitroglycerin. Such
mixtures did not necessarily require a spark, being also sensitive
to friction and concussion. The severity of the explosion was
diminished by dilution with nitrogen or in mixtures not of opti-
mum concentration.

Obviously liquid nitrogen, even if impure, would be less haz-
ardous than liquid air. Nevertheless, some hazard may exist
wherever “liquid nitrogen” comes in contact, or might by accident
come in contact, with combustible materials. Liquid nitrogen
comes purposely in contact with combustible materials when it
is used to cool such materials for low temperature baths by direct
mixing. It could accidentally become mixed with such materials
whenever it comes in contact with a glass tube containing them,
either by breakage due to thermal shock or by actual mechanical
force as in striking the tube against the edge or bottom of the
Dewar flask. Although the risk may be considered relatively
slight, safety goggles should be worn whenever such a hazard
might exist. Where liquid air is used in place of liquid nitrogen,
it is much wiser never to take the risk.

Such risks can be practically eliminated by using these cool-
ants indirectly. When the liquid nitrogen is to be used for pre-
paring a cooling bath, it can be placed in a metal container
such as a large, thick-walled aluminum or copper test tube,
which is immersed in the medium to be cooled.* With thor-
ough stirring and, as necessary, occasional scraping of solid from
the outside of the metal vessel, cooling of combustible material
can be satisfactorily accomplished without hazard. A procedure *

1 See, for example, W. Biltz, Chem.-Ztg., 49, 1001 (1925); A. Mittasch and
E. Kuss, Chem.-Ztg., 50, 125 (1926).

2Z. angew. Chem., 89, 98 (1926).

8 A. Stock, Ber., 53, 751 (1920).

4 F. Henning and A. Stock, Z. Physik, 4, 226 (1921).
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for avoiding immersion of a tube in liquid air or nitrogen is to
use a thick aluminum block with one hollow chamber to contain
the tube to be cooled, and another hollow chamber to receive the
liquid air at a controlled rate to produce the desired cooling.
The entire block is suspended in a Dewar flask as a means of
insulation.

Solid Carbon Dioxide. Solid carbon dioxide, commercially
and familiarly known as “dry ice,” is merely the solid form of
carbon dioxide, which has a sublimation point at atmospheric
pressure of —78.5°C. It is purchased in solid cakes, which are
easily broken into smaller chunks and reduced to a fine powder
if they are wrapped in a stout cloth and shattered with a wooden
mallet. Since it maintains its low temperature by evaporation,
obviously it must never be tightly confined. Dry ice can cause
injury if placed in contact with the skin. Solid pieces can be
handled lightly with dry hands with relative impunity, but, if the
skin is moist, the dry ice is apt to stick to it by the medium of
a layer of water ice, causing real freezing before it can be re-
moved. When dry ice is broken, the eyes should be protected
from flying particles.

Dry ice may be used to produce any low temperature down
to about —100°C. Temperatures below —78.5°C may be
reached by pumping gas away from a dry ice-liquid medium
mixture with a vacaum pump, even a water aspirator. The most
frequent use of dry ice as a coolant, however, is for maintaining
the carbon dioxide sublimation temperature of —78.5°C, or tem-
peratures in that vicinity. Finely pulverized dry solid may be
used for this purpose, but it is usually preferable to provide better
contact by means of a liquid medium. The liquid medium may
be any material inert to carbon dioxide which is very fluid at
—178.5°C, so that it will provide rapid thermal conduction by
convection. Although nonflammable liquids are preferable, ace-
tone is commonly used for this purpose, but its mixtures with
dry ice seem too prone to boil over suddenly without warning,
intensifying the fire hazard. Diethylether gives very satisfactory
cooling mixtures, and, since the vapor pressure of ether at
—178.5°C is less than 1 mm, evaporation from an open Dewar
flask containing such a mixture is not hazardous. Other less
flammable liquids, such as those described in a later section on
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“Cooling Baths,” may be used, provided they are sufficiently
fluid at dry ice temperature.

In the preparation of a dry ice-liquid medium bath, the pul-
verized dry ice may be added to the liquid in a Dewar flask, or
vice versa; in either case, the ingredients must be mixed very
slowly because of the large amount of carbon dioxide gas lib-
erated in cooling the liquid down from room temperature. When
such a bath is used for cooling a tube, the tube should be im-
mersed slowly to prevent such rapid evolution of gas as to cause
the cooling mixture to overflow.

It should be pointed out here that dry ice may be colder than
its equilibrium sublimation temperature, and the temperature
should be measured if its exact value is important to the opera-
tion. The equilibrium temperature is that at which solid carbon
dioxide has a vapor pressure equal to the partial pressure of the
carbon dioxide vapor in the atmosphere immediately adjacent to
the surface of the solid. This partial pressure will not be equal
to 1 atmosphere if air is mixed with the carbon dioxide. An
initial temperature of freshly crushed dry ice in a Dewar flask
has been reported ® as about —87°C, and the normal sublimation
temperature was not reached until about 10 hours had elapsed.
When liquids are used as media, the mixtures do not behave very
differently from solid carbon dioxide alone, all exhibiting an initial
low temperature and a gradual temperature rise.® Furthermore,
the equilibrium temperature of the mixture at a point below the
surface is somewhat affected by the hydrostatic pressure at that
point, so that it varies with the depth; this effect may be dis-
turbed by convection. At the Bureau of Standards® the carbon
dioxide sublimation point was found to be most quickly and con-
veniently produced by burying a small electrical heating coil in
crushed dry ice in a Dewar flask, about 5 cm below the ther-
mometer. In a few minutes at 30 watts, the temperature rose
to —78.5°C, and thenceforth 7 watts heat input was sufficient
to maintain this temperature by keeping a steady stream of car-
bon dioxide evolving to exclude air.

5 R. B. Scott, “The Calibration of Thermocouples at Low Temperatures,”
in Temperature, Its Measurement and Control in Science and Industry, Rein-
hold Publishing Corp., New York, 1941, p. 212.

6 J. Zeleny and A. Zeleny, Phys. Rev., 23, 308 (1906).
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Liquid Ammonia. Liquid ammonia, which is cheaply avail-
able commerecially, is sometimes used directly as a cooling bath,
because it maintains itself at its boiling point of —83.4°C by
evaporation, at 1 atmosphere pressure.

The chief advantage of this coolant is that it is colorless and
very transparent, and its boiling point is sufficiently high that it
does not bubble rapidly in a reasonably well evacuated Dewar
flask. These properties make it very useful as a transparent cool-
ant in an unsilvered glass Dewar flask, permitting clear visibility
of a substance or reaction in a tube immersed in the bath.

The disadvantages are rather obvious. Since the low tempera-
ture is maintained by evaporation, liquid ammonia in open De-
war flasks releases ammonia gas into the air. Ammonia gas is
of course extremely irritating to the eyes and to the upper respira-
tory tract, even in small concentrations. In larger concentrations,
such as may casily be produced by spilling some of the liquid,
ammonia gas practically paralyzes the breathing mechanism, so
that it is not only irritating but dangerous. In liquid form, since
it does not evaporate rapidly enough from the skin to form a
gas cushion preventing wetting, it can cause painful freezing
of human tissues.

The following precautions should therefore be observed when
liquid ammonia is handled for use as a coolant. It should be
exposed to the atmosphere only where there is good ventilation,
preferably under a hood. Tubes to be cooled should be im-
mersed in liquid ammonia slowly enough to prevent possibility
of boiling over or splattering. In all work with this material, the
eyes, and usually the hands, should be protected against splatter-
ing. More than one individual should be present whenever mod-
erately large quantities of liquid ammonia are exposed to the
atmosphere.

A material of similar boiling point which is said to be much
more pleasant to use is the familiar refrigerant, dichlorodifluoro-
methane, Freon-12,* b.p. —29.8°C, which is nonflammable and
practically nontoxic and odorless.

Cooling Baths. There are two types of cooling baths, one con-
sisting merely of liquids cooled to the desired temperature by

* Suggested by W. A. McMillan, private communication; obtainable from
Kinetic Chemicals, Inc., Wilmington, Del.
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some outside means, and the other consisting of materials which
can maintain a constant temperature by a change of phase.

For the first type, all that is needed is a material which is very
fluid at the desired temperature. Preferably this liquid should
be quite volatile at room temperature to eliminate the necessity
of cleaning the outside of apparatus which has been immersed
in the bath. For temperatures down to —80°C, a number of
readily available liquids are suitable, such as ethyl alcohol, ether,
and various mixtures. Nonflammable liquids are more desirable,
and a number of organic halides have been investigated and
recommended for temperatures down to —150°C." These are
listed in Table II. For much lower temperatures, most liquids

TABLE II. NONFLAMMABLE LIQUIDS FOR COOLING BATHS

Minimum Tem-

Weight 9, Material perature, °C
100 Carbon tetrachloride —23
100 Chloroform —63

49.4 Carbon tetrachloride} —381
50.6 Chloroform
100 Ethyl bromide —119
19.7 Chloroform
44.9 Ethyl bromide | —139
13.8 trans-1,2-Dichloroethylene
21.6 Trichloroethylene J
14.5 Chloroform )
25.3 Dichloromethane
33.4 Ethyl bromide —145
10.4 trans-1,2-Dichloroethylene
16.4 Trichloroethylene
18.1 Chloroform
8.0 F.thyl chloride
41.3 Ethyl bromide —150
12.7 trans-1,2-Dichloroethylene
19.9 Trichloroethylene J

become too viscous, and the choice is more limited. It appears
to be necessary to use flammable materials below —150°C.
Every effort should be made to avoid the possibility of acciden-
tally mixing these materials with refrigerants containing liquid
oxygen. Pentane is satisfactory down to about —160°C, and

7 C. W. Kanolt, Natl. Bur. Standards (U. S.), Sci. Paper 520, March, 1926.
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propane down to liquid air temperatures.® Liquid propane (b.
—42.1°C) may be obtained by passing propane gas from a cyl-
inder, through a coil immersed in a dry ice bath, into a Dewar
flask to contain it. A mixture containing 5.8 volumes of n-
pentane, 2.2 volumes of methylcyclohexane, and 1.0 volume of
n-propyl alcohol is described ® as being liquid and fairly fluid
down to —180°C.

The second type of cooling bath requires a pure compound
which can be partially frozen to form, preferably, a fluid slush,
which will maintain the temperature of melting as long as any
of the solid phase remains. The most common example is water-
ice. Other materials which have been suggested ** for use in
maintaining constant temperatures are listed, with their approxi-
mate melting points, in Table III.

TABLE III. MATERIALS FOR CONSTANT LOW TEMPERATURE
SLUSH BATHS

Compound M.P., °C Compound M.P., °C
Eucalyptol -2 Diamylnaphthalene —30
Acetonyl acetone —6 Dipropyl ketone —33
Methyl salicylate -9 Ethylene dichloride —36
Dicthylene glycol —11 Diethyl ketone —42
t-Amyl alcohol —-12 Tetrachloroethylene —44
Benzaldehyde —14 Chlorobenzenc —46
Diethyl carbonate —15 FEthyl malonate —50
Octyl alcohol —18 Diacetone alcohol —55
Butyl benzoate -20 Amylnaphthalene —60
Carbon tetrachloride =23 Chloroform —064
Diethyl sulfate —25

When more exact temperature baths are desired, the com-
pounds listed in Table IV have been suggested ' for use in pure
state as low temperature standards, and hence may be used for
cooling baths.

Slush baths are prepared by thoroughly stirring the liquid
compound while cooling it to its freezing point. This breaks up
the crystals as they are formed so that the final state rescmbles
a mixture of snow and ice-water. If cooling is inadvertently con-

8 A. Stock, Ber., 53, 751-758 (1920).

9 G. Beck, Deut. Z. ges. gericht. Med., 12, 1 (1928).

10 J, C. Bryan, Chemist Analyst, 29, 71 (1940).

11 J, Timmermans, Bull. soc. chim. Belg., 32, 95-96 (1923).
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tinued to where the crystal-liquid mixture is too thick, the correct
fluidity can easily be regained by adding, with stirring, a small
additional quantity of the compound at room temperature.

TABLE 1V. LOW TEMPERATURE STANDARDS

Compound M.P., °C
Carbon tetrachloride —-22.9
Chlorobenzene —45.2
Chloroform —63.5
F.thyl acetate —83.6
Carbon disulfide —111.6
Methylcyclohexane —126.3

MEASURING LOW TEMPERATURES

Five different devices for measuring low temperatures are:
gas thermometer,'* vapor pressure thermometer, liquid-in-glass
thermometer, thermocouple, and resistance thermometer.'* The
simplest of these, the liquid-in-glass thermometer and the vapor
pressure thermometer, are quite suitable for most chemical high
vacuum work. Thermocouples with potentiometers are some-
times more readily available and are therefore used in place of
vapor pressure thermometers.

Liquid-in-Glass Thermometers.”® For the liquid-in-glass ther-
mometer, toluene is considered suitable down to —95.1°C, n-
pentane to —181.5°C, and isopentane to —159.7°C.*¢ Although,
when calibrated against a secondary standard such as a platinum
resistance thermometer, these thermometers are said to be reli-
able to 0.1°, in practice they often give trouble through breaking

12, G. Aston and H. L. Fink, Chem. Revs., 39, 357-396 (1946).

13 For a general discussion, see W. H. Kessom and W. Tuyn, Commun.
Phys. Lab. Univ. Leiden, Suppl. 78 (1936); also F. G. Keyes in Temperature,
Its Measurement and Control in Science and Industry, Reinhold Publishing
Corp., New York, 1941, pp. 45-59; J. R. Roebuck and T. A. Murrell, ibid.,
pp. 60-73.

14 M. S. Van Dusen, J. Am. Chem. Soc., 4T, 326-332 (1925); G. K. Burgess,
Bur. Standards J. Research, 1, 635 (1938).

15 For a general discussion, see J. Busse, “Liquid-in-Glass Thermometers,”
in Temperature, Its Measurement and Control in Science and Industry,
Reinhold Publishing Corp., New York, 1941, pp. 228-255.

18 J, Timmermans, Bull. soc. chim. Belg., 25, 300 (1911).
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of the liquid threads in the capillaries. Another disadvantage
is that it is not always convenient to read them, as when they
are immersed in a silvered Dewar flask.

Vapor Pressure Thermometers. Vapor pressurc thermometers
operate on the principle that pure compounds exert vapor pres-
sure which is proportional only
to the temperature. The pure
compound is confined in a small
space connected directly to an
ordinary mercury manometer,
which records the pressure cor-
responding to the lowest tem-  seal off hérey (C
perature to which the compound jea
is subjected. Obviously thesc & 1 mm bore
thermometers are suitable only D
for temperatures below that of 400
the su.rroundmg.s. l e

Various designs for vapor
pressure  thermometers  have T
been suggested.’™ A simple,
convenient form is shown in 300
Figure 16. This thermometer is
filled as follows: It is sealed to
the vacuum line at A, and a F
dropping funnel is inserted at B; @ E
it is sealed with picein. The ap- 2 mm bore -
paratus is very thoroughly evac- Fic. 16. Vapor pressure ther-
uated and heated to remove all mometer.
possible gases and vapors. When
evacuation is as complecte as possible and the apparatus is cool,
a measured volume of the pure thermometric material, equal to
the calculated volume of the tube from E to F at 800 mm pres-
sure, is condensed in E by cooling with liquid nitrogen. Mer-
cury is then added at B to fill the manometer up to G, the zero
pressure point. Next, the thermometer is carefully sealed off
at C. It is now ready for use. When the material at E is per-

17 See, for example, A. Stock, Z. Elektrochem., 29, 354 (1923); W. Heuse

and J. Otto, Ann. Physik, 9 [5], 486 (1931); A. Farkas and L. Farkas, Ind.
Eng. Chem., Anal. Ed., 12, 296 (1940).

B
A (to vacuum line)

<10 mm o.d.
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mitted to warm to room temperature, the top of the mercury
column will be at H. Any gases liberated from the glass by
sealing off at C are thus contained above the capillary D. When
the thermometer is used, cooling at E causes the mercury to drop
through the capillary D. By tapping the capillary as the last part
of the mercury is running through, the mercury thread may be
broken, leaving a mercury seal in the capillary between any
desorbed gases above and the Torricellian vacuum below.

The compounds listed in Table V are useful for filling vapor
pressure thecrmometers.*®

TABLE V. COMPOUNDS FOR VAPOR PRESSURE THERMOMETERS

Compound Temperature Range, °C
Carbon disulfide 25to0 —10
Sulfur dioxide —10 to —40
Ammonia —30t0 —77
Carbon dioxide —75 to —100
Hydrogen chloride —85 to —111
Ethylene —100 to —150
Methane —150 to —185
Oxygen -180 to —200

These compounds may be prepared as follows:

Carbon disulfide. Commercial carbon disulfide may be puri-
fied by fractionation in the high vacuum line.

Sulfur dioxide. Concentrated sulfuric acid is dropped into a
concentrated solution of pure sodium sulfite in an evacuated
flask. The gas is dried with P»O5 and fractionated.

Ammonia. Commercial synthetic ammonia needs only drying
with sodium (see page 97) and separation from the hydrogen
evolved.

Carbon dioxide. Carbon dioxide may be prepared by heating,
in vacuo, pure sodium bicarbonate and drying the gas with CaCl,
and P205.

Hydrogen chloride. Pure concentrated hydrochloric acid is
dropped into warm sulfuric acid in a vacuum system, and the
HCI is dried with P2Os. )

Ethylene. Ethylene is prepared by heating orthophosphoric
acid to 200°C in an evacuated system and slowly adding ethyl
alcohol. The product may be purified by fractionation.

18 F, Henning and A. Stock, Z. Physik, 4, 227 (1921).
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Methane. Methane may be prepared by hydrolysis of a methyl
Grignard solution and fractionation of the product.

Ozxygen. Pure potassium permanganate is heated in an evacu-
ated tube, first at 160-175°C for several hours to remove sorbed
air, and then slowly to 215-235°C, the first portion of evolved
oxygen being discarded. Traces of carbon dioxide may be rc-
moved by soda lime.

The vapor pressure-temperature relationships for the above
compounds are given in the Appendix, page 117.

Thermocouples. Low temperatures may be determined with
a usually satisfactory degrec of accuracy by use of thermocouples,
provided the limitations and requirements arc adequately under-
stood.

The principle of thermnoelectric temperature mecasurement is
based on the well-known discovery ** that an electric current
flows continuously in a closed circuit of two unlike metals when
the junctions of the mctals are maintained at different tempera-
tures. A thermocouple consists of just such a circuit, and the
temperature difference between the junctions is determined by
measuring the emf created, with a suitable instrument such as a
potentiometer.”® The magnitude of the thermoelectric effect
obtained with commonly used metal combinations ranges from
about 1-7 millivolts for a 100°C temperature diffcrence between
junctions. One junction must be maintained at a constant ref-
erence temperature, so that the temperature at the other junction
can then be determined. Frequently the constant reference tem-
perature is 0°C, conveniently obtained by immersing the proper
junction in an ice-water bath. However, modern instruments
are usually equipped with automatic refercnce junction com-
pensators, which change the indication of the instrument to cor-
rect for changes in the temperature of the reference junction,

19T, J. Seebeck, Gilb. Ann., 73, 115, 430 (1823); Pogg. Ann., 6, 1, 133,
253 (1826).

20 For detailed discussions, see W. P. White, “Potentiometers for Thermo-
electric Mcasurements,” in Temperature, Its Measurement and Control in
Science and Industry, Reinhold Publishing Corp., New York, 1941, 265-278,;
T. J. Rhodes, Industrial Instruments for Measurement and Control, McGraw-
Hill Book Co., Inc., New York and London, 1941, pp. 128-140; H. C.
Roberts, Mechanical Measurements by Electrical Methods, The Instruments
Publishing Co., Inc., Pittsburgh, 1946, pp. 230-236.
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and thus make measurement or control of the reference junction
temperature unnecessary.

Copper-constantan thermocouples, which are satisfactory from
—200 to 3850°C, are the most commonly used thermocouples
for determining temperatures ranging from ice to liquid nitrogen.
Constantan is a general name covering a group of alloys contain-
ing 45-60% of copper and 40-55% of nickel (with or without small
percentages of manganese, iron, and carbon). The thermocouple
wires may range in size from No. 22 to No. 36 B & S gage.

For most precise measurements, such thermocouples are cali-
brated for this low temperature range (—200° to 0°C) by direct
comparison with a platinum resistance thermometer, but suf-
ficient accuracy for most purposes may be obtained by calibrat-
ing at just two temperatures, the carbon dioxide sublimation
point and the oxygen boiling point.2 Since neither of these
points is easily reproducible with precision, the temperatures of
the dry ice and liquid oxygen baths should be measured exactly.
For this purpose, vapor pressure thermometers containing carbon
dioxide and oxygen, respectively, are convenient. A deviation
curve, showing how the thermocouple being calibrated differs
from a standard copper-constantan thermocouple for which very
accurate data are available, may then be constructed. The devia-
tions of the observed emf’s from those given in the reference
table (page 121) for the standard are plotted as ordinates versus
the observed emf’s as abscissa, and a smooth curve connecting
these points with the 0°C point is drawn. A table correlating
the actual thermocouple emf’s with temperature can then be
compiled for use with that particular thermocouple.

It is stated that the accuracy with which copper-constantan
thermocouples may be calibrated for use at low temperatures is
usually limited by lack of homogencity of the wires. Copper
is relatively uniform. Constantan may be quite variable. It is
generally accepted that a closed circuit of entirely homogeneous
metal will exhibit no thermal potential regardless of thermal
differences in the circuit. Any observed emf is ascribed to ir-
regularities in the chemical composition or physical condition of

21 R. B. Scott, “The Calibration of Thermocouples at Low Temperatures,”
in Temperature, Its Measurement and Control in Science and Industry, Rein-
hold Publishing Corp., New York, 1941, 206-218.
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the wire material. This affords a means of selecting constantan
which is adequately uniform for accurate thermocouples: Check
it for emf’s produced by large temperature differences in a closed
circuit, and choose a length where such cffects are negligible.
Sometimes an attempt is made to cancel out inhomogeneities in
constantan by using several constantan wires in parallel, attached
in a single junction to the same copper wire. For example, three
No. 30 B & S double-silk-insulated constantan wires and a single
No. 36 B & S copper wire have been used.??

Calibration as described above should be accurate to about
=+ 2 microvolts (maximum less than 4), which is all that is justified
in view of the probable inhomogeneities in the wires. This
would correspond to about +0.12°C at —190°C and +0.06°C
at 0°C. In general, unless extreme care is taken, the accuracy
of the temperature determinations in which a copper-constantan
thermocouple is used is expected to be about +0.3°C.*

Once a thermocouple has been constructed and properly cali-
brated, it may be used indefinitely for low temperature measure-
ment. No indications of appreciable changes over several years
have been observed.

It is often desirable to enclose thermocouples in a protective
sheath. Such a sheath should be thin-walled and close fitting,
but at best the sensitivity of the thermocouple to changing tem-
peratures is diminished, especially if the sheath is of glass. Ther-
mal transfer may be much improved by imbedding the thermo-
couple in copper dental cement within the sheath.t

22 J. G. Aston, “The Use of Copper-Constantan Thermocouples for Meas-
urement of Low Temperatures Particularly in Calorimetry,” in Temperature,
Its Measurement and Control in Science and Industry, Reinhold Publishing
Corp., New York, 1941, p. 219.

23 W. F. Roeser and H. T. Wensel, “Methods of Testing Thermocouples
and Thermocouple Materials,” in Temperature, Its Measurement and Con-
trol in Science and Industry, Reinhold Publishing Corp., New York, 1941,
p. 311.

} H. D. Baker, Columbia University, private communication. Technical
B Copper Cement is obtainable from Weinbaum Dental Supply Co., 220
W. 42nd St., New York, N, Y.
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Valves

STOPCOCKS

For rclatively large scale chemical work, involving, for exam-
ple, several milliliters or more of liquid, stopcocks may be used
throughout a vacuum system with reasonably good success. The
main advantage is that they are very easy to open and close.
There are certain disadvantages, however, which make stopcocks
relatively undesirable for smaller scale and more careful high
vacuum work. First, they are always potential sources of leaks.
Second, they must be lubricated with greases which may react
chemically with materials handled in the system, or which may
dissolve small amounts of those materials, liberating them into
a vacuum so slowly as to interfere with attainment of the desired
low pressures. Third, they may not be heated, because of the
danger of driving out or thinning the lubricant or actually break-
ing the stopcock. This means that the tubing next to the stop-
cocks may not be heated for the purpose of aiding in degassing
the system.

Because of their ease of operation, which is independent of
any pressure differential, it is convenient to use stopcocks be-
tween the pumping system and the vacuum apparatus and
between the vacuum apparatus and the atmosphere. It is desir-
able, however, to be able to shield the stopcock lubricant from
contact with vapors in the apparatus. This is accomplished by
means of a mercury cut-off, such as that illustrated in Figure 17.
The stopcock is mounted in a small U-tube which is supplied
with mercury from a pressure-vacuum-operated reservoir. The
D side of the stopcock is connected to pump or atmosphere, and
the C side is connected to the vacuum system. To close the valve,
the stopcock is closed and mercury is run into the U-tube by

62
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opening the reservoir to the atmosphere. To open the valve, the
mercury is allowed to fall back out of the U-tube by opening the
reservoir to a rough vacuum, and then the stopcock is opened.
Failure to lower the mercury before opening the stopcock may
result in blowing the mercury into parts of the apparatus where
it is not wanted. If the mercury is not run all the way to the
stopcock when the valve is closed, the valve may be utilized also
as a low range manometer.

For high vacuum work, stopcocks as well as all other ground
joints should be sufficiently well made to be completely sealable
from leakage by a very thin and uniform film of lubricant. Mod-
ern ground joints are ordinarily manufactured sufficiently well.
When a thin lubricant coating does not give a clear, transparent
film maintaining its clarity during relative motion of the ground
joint parts, the joint is much more likely to be a source of leaks.
Faulty joints should therefore be ground to closer fit by carefully
working them together with a slurry of very fine emery powder
and water.

MERCURY FLOAT VALVES

Numerous greaseless valves have been proposed for high
vacuum work.! For general chemical work, the mercury float
valve? is quite satisfactory. A useful modification of one is
shown in Figure 17. It consists of a small U-tube connected
between the parts of the apparatus to be closed from each other.
Each arm of the U-tube contains a glass float with a ground,
tapered tip which fits a ground joint in the arm. When the valve
is open, the floats rest on glass supports formed by indenting the
tube. The valve is closed by forcing mercury from the reservoir
into the U-tube, where it floats the plugs into place. Light tap-
ping with the fingers at the joint helps to insure proper seating

1 See, for example, A. Stock, Ber., 68B, 2058-2060 (1925); M. Bodenstein,
Z. phys. Chem., B, T, 387 (1930); H. C. Ramspberger, Rev. Sci. Instruments,
2, 738-749 (1931); J. Willard, J. Am. Chem. Soc., 67, 2328 (1935); O. Krieg,
Z. tech. Physik, 23, 314-315 (1942); W. E. Vaughan, Rev. Sci. Instruments,
16, 254-255 (1945).

2 A. Stock and O. Priess, Ber., 47, 3109-3113 (1914). For modifications,
see A. Stock, Z. Elektrochem., 23, 33-35 (1917); H. Ramser and E. Wiberg,
Z. Elektrochem., 36, 253 (1930); H. Lux, Z. anorg. allgem. Chem., 226, 21-22
(1935).
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of the floats as they are lifted into position. The ground joints
should be so constructed that they permit no leakage of mercury
under a pressure differential of at least 1 atmosphere. These
float valves can be built by any competent professional glass
blower. They are very useful in high vacuum systems since they
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valve cut-off
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mm d.
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joint Al A @
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reservoir
200-500 ml

Fic. 17. Valves.

may be thoroughly degassed by heating, and they have exposed
surfaces only of glass and mercury.

The earlier modifications of this valve had the disadvantage
that they could not be opened under an appreciable pressure
differential. Thus, if the A side of the float valve in Figure 17
were at a pressure of 1 atmosphere and the B side of less than
1 millimeter, an attempt to open the valve by lowering the mer-
cury would result in immediate jamming of the mercury against
the float in side B. With all the mercury withdrawn, the float
would still be held tightly in the joint by the gas pressure, and



Mercury Reservoirs 65

it could not be removed from the joint until the pressure had
been equalized by very slow leakage of the gas.

To avoid this difficulty, where the pressure differential cannot
be removed by cooling the gas on the pressure side or admitting
gas to equal pressure on the vacuum side, the floating plugs are
made of soft glass.®* These plugs make it possible to open the
valve under a pressure differential, as follows: The closed joint
on the pressure side A is warmed very carefully with a low gas
flame. Owing to the much greater coefficient of thermal expan-
sion of the soft glass, the plug expands within the joint and sticks
there. The minimum heat should be used to avoid cracking the
joint. This heat can be determined by heating gradually until
the mercury can be lowered without causing the plug to fall.
(This, incidentally, is not so hazardous as it may seem; the possi-
bility of breaking a well-annealed joint of this kind by heating
with a low, carbon flame of a gas burncr is quite slight.) The
joint is kept warm while the mercury is completely withdrawn.
The float on the vacuum side, of course, falls promptly, and the
float on the pressure side falls to open the valve completely as
soon as the joint has cooled.

MERCURY RESERVOIRS

Often mercury valves are constructed with individual reservoirs
of mercury. As long as these are not open to the air, creating
a mercury vapor hazard, this is quite satisfactory. However, it
has been found very convenient to use a single large reservoir
to supply all valves which are at approximately the same level.
Such a reservoir minimizes the number of more expensive three-
way stopcocks which must be used and saves space by requiring
only a manifold supply line, made of 2-mm bore capillary, to
bring mercury to and from the valves. It is desirable, for ease
of making repairs, for all lines from the valves to be sloping
slightly toward the reservoir, so that the supply manifold can be
completely drained if necessary.

A typical reservoir is shown in Figure 17. A useful base for
supporting such a reservoir may be constructed of plaster of
Paris, as described on page 45.

3 A. B. Burg, J. Am. Chem. Soc., 66, 499 (1934).
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Introducing into and Removing

from Vacuum System

In experimentation using a high vacuum system, it is some-
times desirable to be able to introduce materials to the system
or remove them from the system without losing the vacuum or
allowing the materials to come in contact with air. To accom-
plish these ends, various techniques have been devised.

For some of these techniques, it is convenient to have a special
small part of the high vacuum system devoted to temporary
installations requiring admission of air. This part consists of a
section of tubing connected to the main system by a mercury
float valve, and with independent connections to the pumping
system. It may contain a dry air inlet, a tube opener (to be
described presently), a U-tube trap, and open arms where miscel-
lancous tubes may be attached by use of picein. When not in
use, these openings are closed with picein-sealed glass plugs.

TRANSFER TUBES AND TUBE OPENER

Removal of materials from a vacuum system usually involves
condensing the material in a tube by cooling, and sealing the
tube off from the system by use of the glass-blowing torch. In
Figure 18 is shown a type of tube useful for taking a material
out of a system and later putting it back. It is constructed in
any desired form, provided that at least part of it will fit within
a Dewar flask, and has a side arm drawn to a thick-walled capil-
lary tip and a thick-walled constriction for sealing off at B. The
capillary tip should be made with care; the end should be melted
and blown out several times to make sure that a tiny hole is not
left at the very point. The walls of the capillary must be strong

66
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enough to resist breakage by careless handling, and thick enough
to receive a file scratch without collapsing.

To remove a material from the vacuum system, dry air is ad-
mitted to the side line, which is kept closed to the main system.
A plug is removed from an opening, and a tube of the type
described above is sealed to the opening (at A in Figure 18) with
picein. The side line is then pumped out thoroughly, both tube

To vacuum system

ab)

Thick wall
capillary
B Ground joint
6-8 mmd. C
To vacuum
system
10-30 mm d.
Transfer Tube Tube Opener

Fic. 18. Transfer tube for storage and reaction outside of vacuum system,
and tube opencr for admitting contents to vacuum system.

and wax seal being tested for leaks with a Tesla coil. It is closed
to the pump and opened to the main system through the connect-
ing float valve. The tube to be filled is cooled to the necessary
low temperature, and the material is allowed to diffuse into it
from the main line. When this transfer is complete, the tube
is carefully sealed off at B, as described on page 27. The picein
may be shielded from the heat by wrapping the joint in wet
cotton. The wet cotton should not be allowed to become very
warm to the touch, or there will be danger of the picein softening
and sucking in at the joint. Neither should the cotton be too wet,
or water might run down over the heated glass.

Such tubes are very useful for removing materials for storage
or for reaction outside the vacuum system. For example, re-
actants may be measured in the system, condensed together in
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the tube and sealed from the line, and then subjected to more
drastic heating than possible within the system. For any reaction
wherein a pressure exceeding 1 atmosphere could conceivably
develop, the tube should be well shielded. (See also page 97.)

When the contents of such a tube are to be returned to the
vacuum line, use is made of a tube opener* such as that illus-
trated in Figure 18. Air is admitted to the side line, and a plug
is removed from the side arm of the tube opener at C. Next, the
ground joint is turned to test the functioning of the lubricant.
A file scratch is carefully made then, on the capillary tip of the
storage or reaction tube, and the side arm of the tube is inserted
in the side arm of the tube opener and sealed with picein in such
a position that the tip in front of the file scratch can be snapped
off by rotation of the breaker handle. In order to avoid breaking
the picein seal by pressure to be exerted on the tip by the breaker,
it is advisable to choose tubing for the tube side arm which will
fit closely the inside of the tube opener side arm, and to seal the
tube in such a way that pressure against the tip will be borne by
glass rather than by wax. In other words, before it is sealed in
place, the tube side arm should be twisted to a firm position
in the tube opener side arm in the direction in which stress will
be applied by the breaker. After sealing, air is pumped out thor-
oughly and the seal tested for leakage, and the side line is closed
to the pumps and opened to the main line. The contents of
the tube are condensed by cooling, and then the breaker is
rotated to snap off the capillary tip. The tube contents are then
allowed to warm and distill over into the vacuum system, to be
condensed there at whatever place desired.

The same tube may be used for several successive removals
and returns of materials if several more side arms with capil-
lary tips are added and if the proper spaces for sealing off are
provided.

WEIGHING TUBES
When volatile materials are to be removed for weighing, tubes

of the types shown in Figure 19 are useful. For those tubes
which have stopcocks, provision is made, by the short side arm

1 A, Stock, Ber., b1, 985 (1918).
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A which contains a small amount of mercury, for shielding the
stopcock lubricant from contact with the contents of the tube.
The procedure is as follows: The weighing tube is sealed with
picein to an opening of the vacuum side line, and the system is
thoroughly evacuated. The weigh bulb is heated to remove
sorbed gases, the picein joint and the stopcock being protected
against overheating. The side arm A containing the mercury

I

J/”(

Type I Type 11 Type 111 Type IV

Fic. 19. Gas-weighing tubes.

must be warmed very cautiously, and in fact even evacuated
cautiously, being tapped lightly, to avoid sudden pushing out
of the mercury by a bubble of desorbed gas, which would require
disconnecting and inverting the tube to return the mercury to
the side arm. When evacuation is complete, the bottom of the
weighing tube is cooled with liquid nitrogen, and the sample to
be weighed is allowed to condense there. The sample is thus
momentarily exposed to stopcock lubricant. When condensation
is complete, the stopcock is closed, air is admitted to the side
line, and the weighing tube is removed by melting the picein,
and immediately removed from the cooling bath and inverted.
This procedure allows the mercury to cover the stopcock before
the contents have vaporized in the tube. Picein is cleaned off
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completely. When the tube has reached room temperature and
is free of condensed moisture on the outer surface, it is weighed.
The tube is then turned, stopcock up, and cooled immediately
to condense the contents. To eliminate even this momentary
contact with the stopcock lubricant, the contents may be con-
densed before the tube is turned, by applying a piece of cotton
moistened with liquid nitrogen to the glass first. After the tube
is attached to the side line again, it is emptied by returning the
contents to the vacuum system, and removed as before and
weighed again evacuated. The difference between the two
weights, of course, represents the weight of the sample.

Of the weighing tubes shown in Figure 19, Type I is satis-
factory for ordinary purposes, but small for very volatile materials
which at room temperature would exert a dangerously high pres-
sure in the small volume provided. Type III is simply a modi-
fication to take care of such materials by providing more space.
Type II is useful for weighing materials which may decompose
very slowly, or hydrolyze with minute traces of moisture in the
system, to give noncondensable gas such as hydrogen. When
even a very minute trace of noncondensable gas is present, it
impedes greatly the diffusion of the condensable material, and
quantitative condensation in a dead end tube is extremely diffi-
cult. Condensation in a part of the tube separate from the
closed end is casier to complete in such a case. If it is necessary
to avoid entirely the use of a stopcock, a weighing tube with a
small mercury float valve attached, like Type 1V, is useful.

As a check on the completeness of transfer of a vapor to a
weighing tube, it is advisable to measure the volume of the vapor
both before and after weighing.

INTRODUCING NONVOLATILE MATERIALS

Where grease-lubricated ground joints are not objectionable,
nonvolatile solids and liquids may be added to a reaction tube in
vacuo by use of the familiar principle illustrated in Figure 20.
The tube containing the nonvolatile material is simply rotated
about the ground joint until the contents fall into the reaction
tube by gravity.
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REMOVING MATERIALS FOR DISCARDING

Frequently it becomes desirable to remove materials from the
vacuum system for discard, without pumping them out through
the pumps, where they may con-
taminate the oil and pollute the
atmosphere. For such purposes,
it is useful to have a removable
U-tube trap, equipped with stop- = 4 Nonvolatile
cocks, like that shown in Figure joint ~ Matenal
21, which may be connected to  Reaction
the main line through a float ™
valve and to the pumps through
a stopcock. An air inlet is also
provided. It is then only neces-
sary to close other valves to the Fic- 20. Type of apparatus for

adding nonvolatile materials in
pumps and pump the waste ma- vacuo.
terial from the main system
through the chilled trap. When all the waste is condensed in
this trap, this small section is closed to both pumps and line,

To vacuum To vacuum
line (via \ (r_———@: pumps
float valve)

To vacuum line

Fic. 21. Removable trap system.

the stopcocks of the trap are closed, and air is admitted to
facilitate removal of the trap.

Alternatively, waste material may be condensed in any tube
sealed to the side line by picein, and removed while frozen.
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Measuring Volume

Materials handled in a high vacuum system can be measured
much more conveniently by gas volume than by weight. Any
material which is sufficiently volatile to be studied in a vacuum
system can be measured in terms of gas volume by appropriate
means.

NONCONDENSABLE GAS

A gas which cannot be condensed completely by liquid nitro-
gen requires special handling in a vacuum system, since it must
be pumped from place to place. The most common gases of
this type are nitrogen, oxygen, hydrogen, carbon monoxide, and
methane.

A useful device for pumping noncondensable gas into any
desired vessel, and particularly into a gasometer where its volume
can be measured, is the Topler pump. A suitable form for use
in the high vacuum system is shown in Figure 22. The principle
of operation is simple. An evacuated chamber which is first
opencd to the noncondensable gas is then filled with mercury,
which forces the gas in this chamber over into a gasometer, or
gas buret. Mercury is then withdrawn from the chamber, which
is allowed to fill with noncondensable gas again, and the cycle is
repeated. If the volume of the chamber is, for example, one-
third of the total volume of the system, each cycle of the pump
will move into the gasometer one-third of the remaining non-
condensable gas.

The gasometer illustrated may be constructed from an ordinary
Pyrex gas buret and calibrated before assembly by weighing
measured volumes of mercury.

Initially, all the mercury is contained in the reservoir. The

entire system is thoroughly evacuated with heating. Then the
72
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mercury is forced up through the gas chamber by opening the
reservoir to the atmosphere and supplementing atmospheric
pressure by applying compressed air from a hose held to the
air inlet. Mercury is forced over through the capillary at the
top of the gas chamber into the gasometer and manometer until
the gasometer is full. The trap is immersed in liquid nitrogen.
The Topler system is now ready for operation.

The system is opened to that part of the vacuum line which
contains the noncondensable gas. All unnecessary parts of the
apparatus should be kept closed to minimize the volume of space
from which the noncondensable gas must be removed by pump-
ing. The mercury is drawn down out of the gas chamber by
applying a rough vacuum at the reservoir. It is then forced up
again and over into the manometer, pushing the gas ahead of
it into the gasometer. Then it is drawn back to the reservoir.
A cushion of gas in the buret now having been provided, it is
safe to drain most of the mercury out of the buret so that the
pump may operate against less pressure. This is done by opening
the stopcock at the bottom of the buret, until the mercury in
the buret has fallen to a level just above the capillary inlet. It
is important never to open this stopcock when the reservoir is
at atmospheric pressure, in which case air would bubble up into
the manomecter and buret, possibly breaking both by the sudden
upsurge of the mercury column. .

Subscquent strokes of the pump are carried out by forcing the
mercury behind the gas only a little way into the buret, draining
it to a low level every few strokes. When the pumping appears
to be complete, as determined by observation that no bubbles of
gas are being carried through the capillary by each stroke, the
volume may be measured. If there is a possibility that the non-
condensable gas may have entrained condensable material and
carried it through the trap into the gasometer, it is advisable to
recycle the gas through the trap. This is accomplished by closing
the Topler system to the rest of the apparatus, opening the stop-
cock at the top of the gasometer to the recycle line, and circu-
lating the gas a few times through the trap by use of the Tépler
pump. This stopcock is then closed and the gas pumped back
into the buret as before.
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By adjusting the mercury levels in the buret and manometer,
a series of pressure and volume readings may be made as checks,
a meter stick being used for reading the pressures. The volume
is converted to the volume at standard conditions by application
of the ideal gas laws:
Py PV
T T
where V is the volume at standard conditions, P is always 760 mm
(of Hg at 0°C), and T is always 273.16°K (0°C). Calculation of
the standard volume may therefore be simplified by use of the
factors given in Table VI:
V=VPF
V’ is the observed volume, P’ is the observed pressure (in mm
Hg at the temperature of observation), and F is a factor calcu-
lated from the expression
273.16C

7607’

where C is a correction factor for the thermal expansion of mer-
cury and T” is the temperature (°K) of observation.

TABLE VI. FACTORS FOR CALCULATION OF VOLUMES AT
STANDARD CONDITIONS

[Volume at 0°C, 760 mm, equals observed volume times observed pressure (mm Hg)

times F]

°C F °c F

15 0.00124393 26 0.00119578
16 0.00123937 27 0.00119156
17 0.00123486 28 0.00118748
18 0.00123049 29 0.00118332
19 0.00122603 30 0.00117917
20 0.00122160 31 0.00117506
21 0.00121721 32 0.00117097
22 0.00121284 33 0.00116703
23 0.00120862 34 0.00116300
24 0.00120431 35 0.00115899

25 0.00120004

The number of cycles required for substantially complete
transfer of a noncondensable gas to a gasometer obviously de-
pends on the ratio of the volume of the chamber to the total
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volume of the system. If the initial gas pressure in the system
is 10 mm, and the chamber volume is one-third of the total
volume, 10 cycles of the pump will reduce the pressure to 0.17
mm, and 30 cycles to 5 X 10 mm. If the pump chamber is
only one-tenth of the total volume, the pressure will only be
reduced from 10 mm te 8.5 mm by 10 cycles, and it will still be
0.4 mm after 30 cycles. Although it is desirable for the gas
chamber to be as large as possible to provide for maximum
pumping speed, it is well to bear in mind that the pump must
handle a correspondingly large weight of surging mercury, and
therefore the dimensions must be kept consistent with the strength
of the glass.

Manual operation of the Tépler pump is somewhat tedious,
although restful, and numerous automatic modifications have
been devised.! Since ordinarily the high vacuum system dis-
cussed herein is used primarily to handle condensable materials,
manual Topler pumps are satisfactory for occasional use.

It should be mentioned here that the Topler system described
above provides means not only of measuring a volume of non-
condensable gas, but also of circulating such a gas through a
reaction zone or transferring a measured sample quantitatively
into a container, by forcing it from the gasometer into such a
container connected at the top of the gasometer. Such uses will
be described further on page 103.

CONDENSABLE GAS

Volumes of condensable materials may be measured at room
temperature if they exert enough vapor pressure, or at higher
temperatures if necessary. The general procedure is simply to
measure the temperature and the pressure exerted in a container
of known volume and convert to the volume corresponding to
standard conditions.

In general, gas volume measurements are subject to error due
to sorption on the walls of the container. Ordinarily, however,
this is not serious. Ammonia appears to be more readily sorbed

1 B. D. Steele, Chem. News, 102, 53 (1910); Phil. Mag., 19, 863 (1910);

F. Porter, Ind. Eng. Chem., 16, 731-732 (1924); A. Stock, Z. Elektrochem.,
23, 35 (1917); A. T. Williamson, Rev. Sci. Instruments, 8, 782-789 (1932).
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than most of the common gases, yet the volume sorbed on the
walls of a 1-liter vessel at atmospheric pressure and room tem-
perature amounts to only about 0.2 ml,?> which would lead to
an error of about 0.02 per cent.

Other errors are to be expected from deviations from the per-
fect gas laws. Such deviations may be minimized by measuring
volumes at relatively low pressures, for example V4 atmosphere
or less, and at temperatures well above the liquid-vapor equi-
librium temperatures corresponding to the pressures of measure-
ment,

Volumes at Room Temperature. For measuring gas volumes
at room temperature, an ordinary U-tube trap, connected with a
mercury manometer of calibrated bore, is quite satisfactory.
Such a device is shown in Figure 23. The manometer is con-
structed of uniform tubing of about 10 mm diameter whose
inside dimensions have been dectermined before construction by
weighing a column of mercury of measured length therein. The
volume of the U-tube and connecting tubing up to the closed
float valves, which isolate the tube from the rest of the vacuum
apparatus, may be determined, for zero pressure, as follows:
The tube is opened to the vacuum line, and dry air is admitted
to a pressure of, for example, 100-500 mm. The tube is then
closed, and the air is pumped out of the rest of the system. The
pressure and the temperature of the air in the tube are then
carefully measured. The tube is then opcned to the Topler
pump system, the method of opening the float valve described
on page 65 being used, and the air is pumped into the gasometer
and measured. This volume is converted to the volume corres-
ponding to the pressure in the U-tube, which is the volume of
the U-tube at that pressure. To find the volume of the U-tube
at zero pressure, the volume due to the manometer beyond the
zero point (which equals one-half the pressure in millimeters
times the volume per millimeter) is subtracted. The zero pres-
sure volume thus determined may be checked by similar calibra-
tion with different volumes of air; checks should be readily
obtainable within 0.1 ml.

2 J. W. McBain, Sorption of Gases and Vapors by Solids, George Routledge
and Sons, Ltd., London, 1932, pp. 242-243.
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An alternative method is to weigh a sample of a pure gas
such as carbon dioxide which has exerted a mecasured pressure
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Fic. 23. Calibrated U-tube-ma- Fic. 24. Apparatus for measuring out
nometer system. exact volumes.

in the U-tube. From the weight and the molecular weight, the
volume can readily be calculated.

A U-tube trap may be suitable for volumes up to about 100 ml,
but larger tubes, such as bulbs with an appendage narrow
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enough to fit into a Dewar flask, are recommended for larger
volumes. For volumes of only a few milliliters, a U-tube of
about 10 ml volume is satisfactory. Very small volumes, ranging
from 1 to less than 10-* ml, can be measured in a microvol.?

Often in studies of volatile compounds it is desirable to
measure out calculated volumes exactly. For such purposes,
mercury float valves are quite inconvenient, as they do not
permit ready adjustment of volumes by slow and carefully con-
trolled vapor leakage. For example, suppose that a volume of
vapor that will exert a pressure of 400 mm in the measuring tube
is needed, and the present pressure exerted by that vapor is
475 mm. Since the float valve cannot be opened under this
pressure differential between 475 mm and vacuum, it is neces-
sary to cool the vapor to condense it to diminish the pressure.
Then, after the float valve has been opened, the amount of
vapor to be allowed to escape from the tube before the valve is
closed again can only be determined by trial and error. This will
usually require several rather tedious adjustments. A stopcock,
however, offers much easier adjustment. In the above example,
it would only be neccessary to open it very slightly until the
pressure dropped exactly to 400 mm. Therefore it is convenient
to take advantage of the fact that most vapors will not react
with stopcock lubricant, and include in the vacuum line a mecasur-
ing tube like that shown in Figure 24.

Volumes above Room Temperature. It is sometimes con-
venient to measure, by gas volume, materials of low volatility,
for example, below 20 mm at room temperature. To do this,
it is necessary to increase the temperature of all parts of the
system, including the manometer. An apparatus* is shown in
Figure 25. It consists of a bulb and a mercury manometer of
measured volume, so constructed that the whole assembly can
be surrounded by a constant temperature bath. The operation
is as follows: The apparatus is thoroughly evacuated, with the
mercury in the reservoir. The sample is then condensed in the
volume bulb, and cut off from the system by lifting the glass
rod to allow mercury to flow up into the manometer under

3 R. T. Sanderson, Ind. Eng. Chem., Anal. Ed., 16, 76 (1943).

4 Slightly modified from that of A. B. Burg and H. I. Schlesinger, J. Am.
Chem. Soc., 59, 785 (1937).
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pressure of the atmosphere in the reservoir. If, as originally
designed, the apparatus is then heated in a bath, it is necessary
to continue to add mercury to the manometer as the pressure
rises, to maintain the cut-off and to measure the pressure. In
this case, a pressure corresponding to complete vaporization of
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To To rough
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F16. 25. Apparatus for measuring vapor volume above room temperature.

the sample is measured directly, by using a cathetometer (which
is a telescope on a calibrated vertical bar), and, from this and
the volume of the bulb and the temperature, the theoretical
vapor volume of the sample at room temperature may be calcu-
lated.

To avoid the necessity of increasing the amount of mercury
in the manometer as the pressure rises, and to avoid also the
difficulty in trying to correct the pressure for the thermal gradient
in the mercury column which rises partly out of the temperature
bath, and to eliminate the necessity of reading the pressure by
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means of a cathetometer, the modification shown in Figure 25
may be used. Here the mercury is run into the manometer to
a calibrated mark at zero pressure, after the sample is condensed
in the bulb. As the bath temperature and consequently the pres-
sure in the bulb rise, the pressure is exactly equalized by admit-
ting air to the opposite side of the manometer from the bulb.
A large air chamber is used to permit easier adjustment of pres-
sure. This part of the apparatus is connected with a manometer
at room temperature, on which the pressure in the bulb may
readily be measured with a meter stick.

In using these methods, it is important to be sure that the
sample has been completely vaporized. For this purpose it is
desirable to take a series of readings at incrcasingly higher
temperatures.
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Measuring Vapor Pressure

No other physical property of volatile materials is more gener-
ally useful or more conveniently measured in the high vacuum
apparatus than the equilibrium vapor pressure. It is the simplest
criterion of purity or homogeneity, and the simplest means of
compound identification. It is very useful information pertinent
to all procedures for separation of materials by fractionation.

BELOW ROOM TEMPERATURE

Vapor pressures of materials below room temperature can
easily be measurcd by the static method of enclosing the material
in a tube connccted to a manometer, cooling the material to the
desired temperature, and reading the pressure directly. The
calibrated U-tube illustrated in Figure 23 on page 78 is quite
satisfactory for such determinations as long as sufficient material
is available to provide a condensed phase at the temperature
of measurement. When only smaller amounts are available,
apparatus of the type shown in Figure 26 is useful.

A convenient method of obtaining the complete vapor pressure
curve up to room temperature for a compound is to condense the
compound by cooling to a temperature where its vapor pressure
is negligible, and then take a succession of readings of pressurce
and temperature as it warms. For this purpose it is useful to
cool a suitable liquid bath to the desired temperature by use of
liquid nitrogen, and then to speed the warming-up process be-
tween desired temperatures by adding small quantities of the
same liquid medium at room temperature to the bath, stirring
well to obtain uniformity. In a good Dewar flask, the bath tem-
perature will increase only very slowly on standing. It is well

to check this by first reading the temperature, then the pressure,
82
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and then the temperature again. Normally the two temperature
readings will be identical, unless the manometer is being read
by a very precise method requiring an appreciable amount of
time. Unless very precise vapor pressure data are needed, it is
satisfactory to mcasure both temperature and pressure to the
nearest 0.2 unit (°C or mm). With care, the pressure may be
measured thus with an ordinary meter stick.

More accurate measurements require use of  Tovacuum line

some such device as a telescope mounted on
a vertical, calibrated stand (a cathetometer).

ABOVE ROOM TEMPERATURE

The static mecasurement of vapor pressures
above room temperatures requires apparatus
for enclosing the entire vapor space within
the temperature bath. Since the vapor space
extends to the mercury in the manometer, the (5

manometer must also be included in the bath.

Such apparatus is illustrated in Figure 27. It

will be noted that this apparatus is practically =~ To mercury

reservoir

identical with that illustrated in Figure 25, Fre. 26. A i
Ly L o, 1. 26. ppara

page 80, which is used for determination of <" for measuring

vapor volumes above room temperature, ex- vapor pressure of

cept for the size of the bulb which contains small samples.

the material under study. The smaller bulb

is used here to make the apparatus adaptable to smaller samples

and thereby increase the limit of vapor pressure which can be

measured.

Operation of this apparatus is likewise very similar to operation
of that described on page 81. Mercury is kept entirely in the
reservoir until the apparatus is evacuated and the sample con-
densed in the bulb. Then mercury is permitted to flow up into
the U-bend cut-off to a definite mark by loosening the ground-
glass joint valve and opening the reservoir to atmospheric pres-
sure. The whole assembly of tube, cut-off, and reservoir is then
surrounded by a liquid constant temperature bath, and heating
is begun. As the pressure in the bulb increases, the mercury
level in the cut-off is kept constant by admitting air to counteract
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exactly the pressure in the bulb. When the desired temperature
for a reading is reached, only the temperature of the bath and
the pressure as read from the manometer which is at room tem-
perature are needed.

Since the vapor pressure of mercury at 100°C is 0.3 mm, and
1 mm at 126°C, small errors are introduced into vapor pressure

To vacuum line

Air
surge
chamber Glass rod
Rubber
To manometer K tubing
Cut-off and
manometer.
To air inlet \
To vacuum pump /
Air inlet
\
. 3
Liquid —| To Rough
bulb O ) vacuum
Constant temperature Ground joint
bath

Fic. 27. Apparatus for measuring vapor pressure above room temperature.

measurements by the above method. Mercury distills upward
and condenses on the air side, whereas on the vapor side of the
cut-off mercury vapor tends to diffuse slowly through the tube.
The vapor pressure of mercury at the temperature of measure-
ment would therefore represent the maximum error due to this
source, and for most practical purposes it can be neglected at
temperatures below 100°C.

Most compounds having vapor pressures of about 1 mm at
room temperature have vapor pressures of 60-200 mm at 100°C,
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and compounds with vapor pressures around 20 mm at room
temperature usually reach 760 mm approximately in the range
100°-130°C. Thus the above-described apparatus will be found
suitable for measuring the vapor pressures of all materials which
can be handled in a high vacuum system, at least up to 60 mm,
and in many cases up to 760 mm.

Stock * has described a simple means of measuring vapor pres-
sures above room temperature, but it requires sealing the appa-
ratus off from the vacuum system.

Brown and coworkers have developed apparatus somewhat
similar to that described herein, but affording greater precision
of measurement; it is called the dissociation tensimeter,> which,
as the name indicates, is used for measuring dissociation pres-
sures.

VAPOR PRESSURES OF PURE COMPOUNDS

Reference tables of vapor pressures of pure compounds at
easily producible low temperatures are given in the Appendix,
pages 117-118, 123-149.

1 A. Stock and E. Kuss, Ber., 47, 3115 (1914).
2]I. C. Brown, M. D. Taylor, and M. Gerstein, J. Am. Chem. Soc., 66,
431-435 (1944).



C HAPTER E L EV E N

Condensation Traps

and Fractionation

One of the most important operations in chemical high vacuum
work is the separation of compounds of different volatility by
fractional distillation-condensation. If a mixture is condensed
and then allowed to warm to a temperature at which only one
component has an appreciable vapor pressure and the volatility
of the other components is still negligible, it should be possible
to distill that component quantitatively away from the mixture.
This may be thought of as fractional distillation in its simplest
form. Similarly, if the whole mixture is allowed to flow as a
vapor into a trap held at the above temperature, the most vola-
tile component should flow through the trap, leaving the rest
of the mixture behind in a condensed phase. This is fractional
condensation. For reasons to be given presently, these processes
are usually combined in vacuum line separations.

PRINCIPLES OF CONDENSATION

It is a common error to suppose that a condensable gas may
easily be separated quantitatively from a relatively noncondens-
able gas merely by passing the mixture through a zone having
a temperature at which the vapor pressure of the condensable
gas is negligible. Actually, such a separation may be far from
quantitative. There appear to be at least two possible expla-
nations for this. First, the condensable material may be passing
through the trap in such a manner that it does not become cooled
to the temperature of the trap. Second, the condensable material

may be cooled to the trap temperature but in such a physical
86
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state as to be entrained with the noncondensable gas. These
possibilities need further consideration.

According to kinetic theory, a gas diffusing at a moderate
pressure differential into an evacuated tube will not travel very
far, in terms of the diamecter of the tube, before every molecule
has collided with the walls of the tube at least once. In part,
this is demonstrated by the fact that, when the tube is a trap
at a temperature at which the vapor pressure of the gas is negli-
gible, the gas condenses quantitatively in a narrow ring at the
nearest part of the cold zone. If the gas were not condensable
at the temperature of the trap, the path of molecules moving
toward the walls would be obstructed to a much greater degree
by molecules bouncing from the walls, so that the gas would go
somewhat farther into the trap before every molecule would
have struck the wall at least once. Even then, however, the
distance into the trap would not be very far. When the gas is
passing through the trap at low pressure, the probability seems
great that every molecule will strike the trap walls many times.
Therefore it scems quite unlikely that incomplete fractional con-
densation would be caused by incomplete cooling of the gas
in the trap. Rather, it appears that imperfect functioning of a
condensation trap would be due to some form of entrainment
of the condensable material by the noncondensable gas.

It is easy to imagine such entrainment by considering the
mechanism by which a gas in a trap is cooled. If all the mole-
cules of the gas are condensable, practically all collisions with
the cold walls of the trap will presumably be inelastic, so that
the gas coats the walls of the trap in a condensed phase. Thus
it would be essential for a molecule to strike the trap wall before
losing its thermal energy. If, however, part of the molecules
are of a compound which is not condensable at trap tempera-
ture, these molecules may be cooled by a wall collision and then,
rebounding, may in turn cool molecules of condensable material
which are in the intrawall space. Instead of building up crystals
on the walls, some of the condensable molecules may then form
solid aggregates in space. These solid particles, although they
have no appreciable vapor pressure, may be small enough to be
carried out of the trap by the stream of noncondensable gas.
In addition, it is conceivable that combination of these tiny
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aggregates to form heavier crystals, which would settle out of
the gas stream more readily, may in some cases be inhibited by
adsorption of a layer of the noncondensable gas on the surface
of the aggregates. Building up of crystals on the trap walls
might similarly be inhibited. It seems, then, that both the traps
and the fractionation procedures should be designed to minimize
entrainment.

DESIGN OF TRAPS

A condensation trap in a vacuum system is simply a tube
through which gases may be made to flow, and which may be

_N‘ﬂ T\
1 N—
\_/
Type 1 Type 11 Type 111 Type IV

Fic. 28. Condensation traps.

immersed in a cooling bath. In order to attain greatest efficiency,
traps should be designed, according to the above discussion, for
lowest possible gas velocity and a minimum of turbulence. This
means wide bore tubes with a minimum of sharp bends or con-
strictions. Condensation traps which are designed to provide
very thorough cooling, such as helical traps of narrow tubing,
are actually less efficient for separating condensable from non-
condensable materials than are ordinary wide bore U-tube traps.

Four types of traps are illustrated in Figure 28. Type IV is
very commonly used, and it is suitable for such a purpose as
protecting a pump against vapors in an ordinary laboratory
vacuum distillation. However, it is not recommended for high
vacuum work because it cannot be heated adequately to desorb
gases. The surfaces of the inner tube are not accessible to direct
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heating, and the ring seal should not be strongly heated because
of the possibility of breakage. Traps of Type I are useful when
a considerable amount of liquid condensate, coming from the
wide side only, is expected. Type II traps are designed for use
where vapors approach from only one side. For example, they
are often used as a final trap between the vacuum line and the
pump. Type III traps are ordinary U-tubes and are of very
general utility.

In a high vacuum apparatus, these traps are repeatedly sub-
jected to large and rapid temperature changes. To minimize the
resultant thermal strains, the glass should be as thin as possible,
adequate mechanical strength being maintained. The large bore
sections of the traps illustrated may be constructed of test tubes,
which have thinner walls than standard tubing of the same
diameter. Annealing of such traps is also very important.

FRACTIONATION PROCEDURES

Separations in a high vacuum system are usually carried out
by a combination of fractional distillation and condensation
through a serics of simple traps. Such a series, as shown in
Figure 29, consists merely of a number of U-tubes connected in
series by mercury float valves. Since these traps serve also as
receivers of the various fractions, each is independently and
directly connected also to the main vacuum line through a mer-
cury float valve to facilitate subsequent treatment of the separate
fractions.

This fractionation procedure depends on there being sufficient
difference in volatility of the individual components of a mixture
so that each component will have a vapor pressure of at least
%% mm when the component of next lowest volatility is cooled
to where its vapor pressure is negligible. The word “negligible”
is relative. Actually, at low vapor pressures the change of vapor
pressure with temperature is relatively slow, giving a fairly large
temperature span, for example, between 0.5 mm and 0.01 mm.
The problem is almost never the separation of a volatile material
from a completely nonvolatile material. Instead, it involves
separation of substantially all of the more volatile material in
a short enough time so that only a very insignificant amount of
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the less volatile material can vaporize. Therefore, time becomes
an important element in fractionation of this type. As an illus-
tration, water has a vapor pressure at dry ice temperature
(—78.5°C) a little below 10 mm. In a fractionation process of
long duration, appreciable quantities of water vapor may come
from a trap at that temperature, but the rate of evaporation is
so very slow at that low vapor pressure that, in a fractionation
requiring only a few minutes, the separation of a more volatile
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Fic. 29. Fractionation train.
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material from water can be made practically quantitative by
proper use of dry-ice-cooled traps.

Binary Mixtures. The principles of a fractional distillation-
condensation procedure may be described by illustrating with
a simple binary mixture. Let the components be A and B, of
which A is the more volatile. If this mixture were to pass
directly, in the vapor state, into a condensation trap cooled to
retain B, an appreciable part of B might be entrained and car-
ried through the trap by A. This is why it is usually better to
combine distillation with condensation. The mixture of A and
B, contained in the first trap (I) of the series, is first cooled to a
very low temperature at which the vapor pressure of A is negli-
gible. Mercury in the float valve between traps I and II is

! For calculation of the rate of evaporation of solids in high vacuum, see
I Langmuir, J. Am. Chem. Soc., 88, 2221-2295 (1916).
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adjusted to a height at which the valve may be used as a
manometer. The mixture is warmed to a temperature at which
a vapor pressure of about 1 or 2 mm is shown. Trap II is then
cooled to that same temperature, and trap III is cooled to a
lower temperature at which the vapor pressure of A is prac-
tically zero. The valves between the traps are now opened.
In a very few minutes most of A will distill over through trap
II and condense in trap III, leaving substantially all of B in
trap I. Some of A may still be contained in B, either mechani-
cally entrained or in liquid or solid solution. Trap I is there-
fore now allowed to warm slowly. B will slowly evaporate and
be condensed in trap II. Remaining traces of A will go through
trap II without entraining appreciable amounts of B. The two
components, if sufficient difference in volatility and not too
great mutual solubility are assumed, are now substantially
quantitatively separated.

A sample of A containing even less of B may be obtained by
repeating the process, starting with the contents of trap III
exactly as if it werc the original mixture, and then finally dis-
tilling the bulk of A at a pressure of about 1-2 mm away from
any traces of B, not allowing B to vaporize at all.

A sample of B containing even less of A may be obtained by
repeated evaporation and fractional condensation in a trap at
the same temperature as the original trap IL

If the components A and B are quite soluble in each other,
complete separation may require repeating the above procedures
several times.

Polycomponent Mixtures. A polycomponent mixture may
often be fairly well separated into its individual components by
fractional condensation through a series of traps cooled to suc-
cessively lower temperatures. For example, a mixture of hydro-
gen, carbon dioxide, and water vapor could be separated roughly
by allowing it to diffuse slowly into a series of two traps cooled
to —78.5°C (dry ice) and —196°C (liquid nitrogen) respectively.
Practically all the water vapor would be trapped in the first and
all the carbon dioxide in the second, with the hydrogen passing
through both. However, it is often more convenient, and prac-
tically essential with mixtures of unknowns, to treat polycom-
ponent mixtures as successive binary mixtures, separating the
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most volatile component each time as a pure compound. Thus,
an unknown mixture may be treated exactly like the binary
mixture of A and B, with A the more volatile component. When
separation of A appears complete, B is treated as a binary mix-
ture, and so on.

Criterion of Purity. In fractionation of the type described
above, it is necessary to be able to determine whether or not a
given fraction is pure—homogeneous with respect to volatility.
Reproducibility of vapor pressure is a property of pure com-
pounds which can easily be measured in the high vacuum system.

The simplest test of a fraction is to bring it into a tube con-
nected with a manometer and measure its vapor pressure when
it has been both warmed and cooled to the same temperature.
Whether a pure compound is condensed to zero vapor pressure
by liquid nitrogen and then warmed rapidly to dry ice tempera-
ture, or merely cooled rapidly from room temperature to dry ice
temperature, it will reach the same vapor pressure promptly.
If it contains impurities of different volatility, however, attain-
ment of vapor pressure equilibrium will be slowed greatly. For
example, the presence of a small amount of a more volatile
impurity will impede diffusion of the vapor of the major com-
ponent toward the cold zone to such an extent that the equilib-
rium vapor pressure will be reached only slowly.

The best method of applying this principle of constant or
reproducible vapor pressure is to fractionate the fraction by
distillation at a pressure of about 1 mm and then determine
whether the separate portions are identical in vapor pressures
over a wide temperature range. For greater sensitivity it is
preferable to measure vapor pressures up to several hundred
millimeters, if sufficient material is available. If the fraction is
a pure compound, all portions will have identical properties.
If it is not pure, the more volatile component will be concen-
trated in the part distilled away at 1 mm pressure, so that this
part will exert somewhat higher vapor pressure than the residual
part.

Although all volatile pure compounds will, of course, pass this
test, homogeneity of a fraction with respect to volatility is not
entirely conclusive evidence that the fraction is a pure compound.
Mixtures of close boiling isomers, for example, would appear to
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be fairly pure compounds by this test. Therefore, other criteria
must be applied to establish chemical individuality of a fraction.
The vapor pressure test gives information about the effectiveness
of the fractionation procedure.

Fractional distillation-condensation in traps is best suited for
quantities ranging from about 1 ml of vapor to several milli-
liters of liquid. When larger amounts are available and when
closer fractionations are required, use of conventional types of
distillation columns is recommended.? Further development in
this field is much to be desired.

COMPLETENESS OF CONDENSATION

The following example is given to illustrate the magnitude of
error to be expected if condensation is not permitted time for
completion. If a sample is being condensed in a tube connected
to a vacuum system with a total volume of 5 liters, a pressure
of 10~ mm due to uncondensed material represents less than
0.01 ml at standard temperature and pressure.

2 See, for example, A, B. Burg, J. Am. Chem. Soc., 56, 499-501 (1934).



CHAPTER T W EUL V E

Miscellaneous Suggestions

and Methods

MOLECULAR WEIGHTS AND VAPOR DENSITIES

The essential steps for the most obvious method of determining
the molecular weight of a volatile compound, or the average
molecular weight of a mixture, have already been described in
detail. They are, simply, to measure the vapor volume and also
the weight. On the basis of Avogadro’s Hypothesis, the molec-
ular weight is equal to 22,412 times the sample weight in grams
divided by the sample volume in milliliters at standard con-
ditions.

Another method of determining the gas or vapor density, and
hence the molecular weight, makes use of the acrostatic or
floating balance. A simple form of this* is shown in Figure 30.
It 