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I. IRTRODUCTION

Coefficients

A, Spreading

kiﬁhaugh,ﬁna phenomenon of & liquid spontanecusly spreade

ing upon e horizontsl sﬁrraag gag been feamlliar for a long
time, Hurkina and co~workers * ‘appear to have been the

first to present a comprehensive theory treating this behavior.
This tﬁn&gy has bawg 2ng&f1ea and ag%aa&a&~by Hearkins and
Ginsberg, Harkins, and Miller to cover all degrees of

spreading of any liquid or solld upon any uniformm surfase.

~ Gualitative statements of the requirements for spread-
ing had been given previously, but none had been generally
ascepted. The Neumenn triangls of favw&t@ led to the con~
clusion that a liquid B will spread upon a liquid A if
3%k:> 3?3 + IT,q, where I%ﬁalrspraaua%a the interfacial
tension between the two liqulds, snd 32& and smg the respsc-
tive surfege tensions, The condition for mon-spreading was
87, <1$%B + I, . This essumed the surface tension of the
sub-phase to be equivalent to a force in one direction, and
the surface tenslon of the spvaaﬁi@g liquid, bagathan wiﬁh the
interfacial tension, to be equlvalent %o farma& in %ﬁ& @g@ew
site direction. An unbalanced force was assused to displsecs
the edge of the added drop of liquid B, This formmlatinu Wes
concerned only with whether or not 3préaﬁiag would occcur.

Studies by Lord Kayiaighlg led him to the conclusion

that all liquids spread on the surface of clean water. He

coneluded that whenever there was apparently a case of
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non~spresding, it was caused by contamination the surface.

 Another generalization am«aemim _spreading and non-

spreading was proposed by Langmuir, According te this

view only those liquids whose molecules are polar or contain
polear groups, spread om water. Hence, Langmuir e‘iai‘ma@ that
pure hydrocarbons would not spread upon water. Karﬁym had
previously reported that pure saturated hydrocsrbons did not
spread upon water surfaces.

The theory of m&ml defines a single quantity for
each liguid wi

ich 18 a measure of its tendency to spread upon
a given surface, This charssteristic guantity, developed
entirely from the thermodynsmles of surfaces, 1s called the
spreading coefficlent of the given liquid upon the glven
surface. Fortunately, it bears a simple relationship to the
surface tensions of the spreading material and the subephase
‘end the interfacial tenslon between these substances. It
ean, therefore, be calculated for any system for which these
 three boundery tenslons are known or can be measured., The
fect that no satisfactory procedure has yet been devised to
ary tensions Involving solid surfaces, limits
this theory only in its experimentael appllications to these

materials. Considering the great abundance and importance
of processes involving films snd film forms
surfases, this experimental limitation is indeed a very
serious one but does not affect the validity of the theory.
Harkins' method of predicting the tendency of a substance

tion upon sollid

to spread 1s based on the changes in free energy involved in
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the spreading and the universal tendency of all aystems to
approach a state of minimum free energy. When a liquid B
gpreads over s liguid A with which it has a low mutual solu-
bility, ths liquid-alr interface of A is replaced by the
liquid-air interface of B and tha 1lquid«liquid interface of
A end B. The changes in arsa of the three interfaces are
spproximetely equal, Since surface tension is the mathee
matical equivalent of the free surface energy per unit area

of surface, the net change in free surface energy due to
each square centimeter of spreading ( AFSE') is given by
the expression,

| AFSE' = ST, - 875 « IT,. (1)
where, ST, end STy represent the respective surface tensions
of the underlying and the spreading liquid and IT,y is the
interfacial tension between these liquids a&s bulk phases.

The requirement for spontenecus spreeding starting from
any given condlition is,

| AFSEr {04 (2)
When, AFSE' > 0, (3)
spontaneous spreading will not occur.

3arkins& designated the decrease In free surface energy
as the spreading éaaffiu
cient, 8C. Harkins' spreading cosfficlent 1s, therefors,

per square centimeter of spreading

given by the aquatidn,
SC = ST, - (8T, + ITz), (4)
The value of the spreading coefficlent 1z caleulated by

this equation from measured surfsce snd interfaclal tensions,
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There are at present no experimental methods for measuring

spreadl

g coeffliclents directly. A large gaaitxva value

for the spra:mi\: coefflcient indicates that the rate of

. changse of th@ fweg snrfa@a amtrgy with the area of anraading
. hss a large negative vaxua and, tharsfava, ‘the thﬂrwndymamia
,apraaéiﬁg pat&ntiml for aﬁhatan&& E uyan surfaaﬁ A 18 large.
When SC is equal to or 1@&3 than zero, B will n@ﬁ apraad
upon A.
~ Since surface and 1nt&vraaia1 tensions are characterise-
tie, at any given temperature, of the substences forming the
phase boundaries, 1t is apparent that spreading coefficients
;aalﬁaiaﬁa& by equation (4) from these prapartiea are also
anaramtaristia of a partieular liquid spreading upon s given
gur fave at~any glven temperature. The spreading ap&ffiaiant
is derived entirely from surface and interfacial tensions
and, hence, may likewise be axgraﬁme&vin dynes per centimeter.

Be Spraa&iﬁg Pregsures

 The term "spreading prasnura” designates the force per
aantimaﬁ@wulangﬁh.af restraining barrier exerted éa one gube
stance spreads upon the surface of another. It is usually
expregsed ;nk&ynsa p¢r~a§mﬁimaﬁa2; the same dimensions as
used for the spreading coefficient. ﬁﬁl&ka the sgréading
coefficient, it 1s measured diraatlyf It ﬁaa_%aan f@uﬁ& that
the spreading pressure of & liguid m@an(a particular surface
gt a glven temperature is a dﬁttﬁiﬁa, charaeteristic and

8,9,11,14,15,16,17,18
reproducible property. The spreading
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coefficlent and the spreading pressure of a substance are
independent quantitative expressions of the tendeney of thsat
substaence Yo spread upon & given surfaece at a specified tem~
perature.

Soon after the idea of surface tenslon became establlshed,
it was noted that oil placed upon water lowered its surface
tension. Rayiaighm appears to have besn the first to make
accurate messurements of the lowering of the surface tension
of water by films of oil. meh% made the importent
discovery that surfece f1ilms can be handled by pushing them
in front of strips or barrlera extending the whole Iwid?:h of
a trough of water filled to the brim. Thus, not only could
the films be confined to any desired ares but the surface
eould also bs cleaned by sweeping. ﬁnylmighm then used thias
technique to investigate the relation of the surface tension
decrease caused by oil filme upon water to the degree of
gompression of the (1lims. In these studies 1t was found
that if the area available to the film exceeded a certain
eritical amount for a glven quantity of oll, the surface ten~-
slon of the water was not lowered and movements of the barrier
had no effects Bubt, if the srea was diminished below this
eritical amount, the surfeace tension fell rapidly. Rayleigh's
caloulations of the thickness of the oll films at this oriti-
cal area showed the {ilms to be one moleculs deep.: Many
other immatigatwag’ 11,22 have found films of a largs num-
ber of orgsnic compounds upon water to be monomolecular. No

case appears to have bgen found where pure chemiecal substances
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have formed uniform films more than one molecule deep.

m Pirat direct mammnw of the mztwwcs, surface
pressure exerted by 8 apma&ing uqum were made by Wmuw
in 1917. He used a tray filled te the brim with water snd

| w@ bmx.@g fm?‘ eleaning the surface and compressing the

 films similer to Pockels' arrangement. The new feature of
nis apparatus wé.;u a f&m#@m berrier laid across the water
surface but not qm%}mwhmg elther edge of the *bmy,. :
The film was kept from flowing sround the ends of this float
‘&ég two jets of air. Thils float pressed on two nearly ver-
ticel rods attached to an ordinary balance. The force
@mr%& upon this floating barrier could thus be measured,
Dreps of 8 mm%valahiiﬁ apreading liquid when added to a
limited area ai‘ the mrfa@ » trapped between & fixed barrier
and the float, spread out to cover the avallable area with
a mgmma’;@ui&r ffilm{ Then the spreading i’:me was trang-
mitted to the float by this stable monomoleculsr film of the
spreading liguid. This force per centimeter length of the
barrier is the gpwadmg pressure of the liquld upon water.
Though his spparatus has been extensively modified, the seme
prineiple is still generally used in measuring spreading
pressures. » o

The actual spreading pressures for several non-volaille
liguids have been messured mﬁ compared to the apreading
coefficients calculated by Herkins ‘3,15,2:5 24,48

Ant imporiant @xwmim of the use of the surface film
balance in measuring spreading pressures iz due to Washburn
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i7 '
and Keim. These Investigators introduced a technique for

measuring the spreading pressure of volatile liquids on water.
In this new procedure, & monomoleculsar film of some longw-chain
substance containing both a polsr and a nonepolar group (such
ag stearic ecid) wes floated upon the surface of water in

the tray of t:m surfsce film belance, This film was come
pressed by moving & barrler slong on the surface of the water.
To malkte a determination of spreading pressure, the film was
placed ma:* slight lateral ocompresasion and a small amount

of the liquid whose spreading was belng studlied was added to
the surface. The added liquid penetrated the film and spread
upon the water, thus further compreseing the restraining
monofilm. It wes found that the maximum forces exerted upon
the float of the balance &s the liquid spread was independent
of the initial state of compression of the restralning film.
The magnlitude of this spreading force was also the saume
whether stearie acid, palmitic acid, or tristearin monoflilms
were used to transmit it to the float. The force exerted

per centimeter lenmgth of the float (in dynes/om.) while the
spreading volatile liquid remalined ixpm the water was
charasteristic of the liguid and the temperature and was conw
sldered to be the spreading pressure value of that ligquid
upon water at the glven temperature.

The spreading pressure values (at 25°C.) of Washburn

and mm»]ﬁ with the exception of isow-amyl chloride, did not
differ by more than about one dyne per centimeter from spread-
ing coeffleclients whilch Harkins and Faldm}b had previously
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calenlated ég& the same liguids on water {(at 20°C.).

‘Kahler used the vertical pull type film balance to
measure the spreading pressure of volatile liqﬁzﬁs by re-
straining their spreading with monomolecular films of palmi-
tic or stearic acld. L

 Washburn, Transue and‘ﬁahlerxa
careful eomparison of sprsading pressures, messured directly
by the method of Washburn end Keim, to the spreading coeffi-
eients caloulated from surface and interfacial tension

were the first to make &

vaiaea;mwasuvwé upon. the same samples of veolatile liquids at
the seme temperature. For carefully purified semples of
benzene, toluene, acetophenone and iso-smyl chloride, these
workers found that the spreading pressures exerted by thesse
liquids as they spread to farm*manamal@nular layers on water
agreed within #+ 0.1 to + 0.6 dynes/em. with the spreading
coefficlents caloulated from surface snd interfecial tensions
meagured upon the bulk phaaaa, _ 4

It has been the primsry purpose of this investigation to
maka an accurate comparison of %hm(apreaéim& pressures and
spreading coefflcients of several purified hydrosarbons of
varying volatility upon wa%ar,‘iﬁ order to determine with what
'aaauraay,spwsaﬁing coefficlents actually predict the spread-
ing tendenclea., The experiments performed in this research
al&my&a&ve& to further evaluate the method of Washburn and
Hﬁiﬁ?v for the direct measurement of spreading pressures upon
water. Spreading pressures have been measured by Washburn

and Keim's procedure. Surface tensions and interfacisl tensions
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8
have besn determined by the capillery rise methods since thesse
are the most acourate methods known and the most sensitive to
surface~active Impurities which if present but undetected
would most likely invalidate the intended comparisons. All
three measurements have been made upon identical ganples of
the liqulda snd at the seme temperature.

Benzene was the first liquid studied in all three of the
basle measurements. Rellable values for its swface tension,
interfacisal tension, and spreading pressure had already been
reported. Oood agreement between the measurements by the
author and litersture data wers considered to indicete a
satisfactory condition of the epparatus and that the tech-
nique of performing the messurements was also satisfactory..
The alkylbenzenes were selected for study in order to de~
termine the effects of various structural changes in the
alkyl side chains upon surface and Interfaclal tensions and

thelir spreading pressures upon water.
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10
IT. MATERIALS

Al) of the liquids used in this investigation, with the
exceptions of benzens and tetralin, were of the white~labelled
highest purity grade of the Eastmen Kodak Company. It was
therefore expected that perhaps some of the ligquida could be
used as obtained. In addition %o refractive index and density,
the surface tension values and the oconstancy of the Inter-
facial tensions of the liquids were ussd as oriteria of purity.
S8ince even slight emounts of meny lmpurities cause marked

ey

ges in surface and interfaclal tensions, as measured by
the capillary rise method, with time, the constancy and re=
p?m&uﬁibil&ty of these messurements were considered to be
excellent indications of purity. Therefore, in surveying
these materials, their refractive indices and densitles were
first determined and compared to literature values. If these
checked, their surface tensions were meesured and aam@&v&d
to literature data where reported. I a liquid mei all these
tests, its interfecisl tension was investigated. In general,
interfacial tension is a more sensitive indlicator of a sur-

¥ . face-active impurity than surface tension so that 1t was some=
times necessary, even though a liquid gave excellent surface
tension values, to extract the liquid with wabter or to resort
to more eiabayatﬂ'guririaa%ian befors reproducible inter
facial ftension measurements were possible. The extractions
were carried out by vigorously shaking the ligquid in guestion
with several milliliters of freshly distilled water, allowing
1t to stand for several hours, then pumping off the liguid
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from the cenbter of the organie phase without disturbing the
interfaces.

A. Benzene

Analytienl reagent grade benzene (thiophens free) was
purified by four Cractional erystallizations. In esch
erys tallization nine~tenths of the liquid was frozen in a
galecium chloride-ice bath and the remaining tenth drained
off+ The range of freezing points for this purified benzene
was 5.54 to 5.52°C, No detectable coloration developed after
twenty~four hours contact with concentrated sulfuric acld.
The benzene purified in this mamnner gave satisfactory surface
tension values., However, 1t was necessary to extract the
benzene with water several times before constant interfacial
tenslon values could be obtained. The physical properties
of this purified benzene are listed in Table I.

The best grade obtainable from Eastman Kodak Company was
used as received after it wag found that its refractive index,
density snd surface tension values compared favorably with
those reported 1n the literaturs. It was necessary to ex~
tract the 1iquid with water seversl times in order to obtain
interfacial tension values that were reproducible and constant
with time. Table I allows a comparison of the physieal
properties of this liquid with literature values,
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¢+ n-Propylbenzens

The best grade from Eastm

an Kodak Company was obtained
but a study of 1ts physical properties showed that 1t could
not be used as received. This liquid was purified by two
careful fractional distillations under reduced pressure in
an all glass spparatus employing e 24-inch Vigreux colunn.
ysin@a hhisriigaié'was quite expensive the following scheme
was used to follow the progress of the fractiomation. The
distillate wes colleocted in 4-8-ml. portions and the re-
fractive indices of the bulk of each fractlion and of the
last drops of each distillation taken from the condenser

tube were measured., The refractive index of the original
gsample was about 0.0010 low but the refractive indices of

the earlier fractions were much lower than that of the origi-
nal liquid. After a few small fractions had been removed,
thelr refractive indices began o ¢climb, When the refractive
index had thus risen to within 3 in the fourth place of the
literature value, a large fraction was taken. After this
large fraction was removed, small fractions were collected
again as long as the refractive index was equal or just
s1ightly below the correct value and all these portions having
refractive indices within & in the fourth decimal place of
the correct value were comblined for a second fractionation.
In all, a total of 22 fractions were taken in the first diase
tillation. 'The second fractionation was ocsrried out in a
similar manner except that fewer fractions were required be=

fore the refractive imdex indicated the liquid to be of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13
satisfactory quality. The fraction that was collegted for
experimentation distilled at a temperature of &6»2“‘ﬁa
46.4°C. at a pressure of 10.0 to 10.1 mm. The physical
properties of the nwpropylbenzens, purified in this manner,
are recorded in Table I.

D, Aiso~Propylbenzens

The best grade obtainable from XKastman Kodak Company
was used as received since its refractive index, denaity
and surface tension agresd well with literature values.
The density, refractive Index and surface tension of this
igso~propylbengene are glven in Table I.

E. n-Butylbenzens

The original sample of this liquié was BEastmen's best
grade, The need for further purification was indlcated by
the faet that the measured density was 0.0010 too large and
the impoasibility of getting interfacial tension measurements
which were constant with time. After fifteen extractions
with water, this liquid still did not give constant inters
faclal tension values. Preliminary attempis to purify this
liguid by drying over sodium and by extracstion with concen-
trated sulfuric acld only geve poorer values for denaity and
refractive Index. ,

Thais liquid was purified by two successive fractional
distilletions under reduced pressure using the same apparatus
and the same general procesdure as described for n-propyl-

benzene. About 300 ml. of liquid were taken for puriflcation
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and about 125 ml. were collected in the "best" fraction of the
second distillation, This selected fraction distilled at a
temperature of 67.0°C. under a pressure of 11,0 mm, and the
refractive index of the first and last drops of the distil-
late differed no more than 8 in the fourth decimal place,
After this purification, the n~butylbenzene exhibited the
physical propsrtiss recorded in Table I. '

P« sec~Butylbengens

Bastman's best grade was used as received since measured
denslty, refractive index and surface tenslon agreed satis~
factorlly with literasture values. The physical properties
of this material sre glven in Table I. After several exw
tractions with water this liguid gave reproducible inter~

facinl tension measurements.
G, tert-Butylbenzense

The best grade of tertlary butylbenzene cbtainable from
Eestman Kodak Company was used as received, The density,
refractive index, and surface tension agreed well with
literature values as shown in Table I. Furﬁhér&aru, this
11quid gave constant interfaciel tension values which were
not changed by extraction with water.

H, Tetralin (1,2,3,4-tetrahydronaphthalens)

Practical grade tetralin was purchased from the Hasiman
Kodak Company. One kilogram of this liquid was taken for
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purification. It was slowly frozen with occasional shaking
in & slush of dry ice and alechol., After two fractional
erystallizations, in each of which about nine-tenths of the
original volume was [rogen and the remaining tenth poured
off, the refractive index and density showed only slight
improvement. Efforis were then directed to purifying this
1iguid by reduced pressure fracilonal distillation from
freshly-cut sodlum. These distillations were carried out in
the same appara%uﬁ and following the same procedure described
for n-propylbenzene. The tetralin after two such successive
fractional distillations had the physical properties list-
ed in Table I, The fraction collected for further study
dlstilled at a temperature of 86.,8° to 87.1°C. under a
proegsure of 13.0 # 0.5 mm.

During the courase of this research, i1t was discovered
that this purified semple suffered peroxidation upen ex-
posure t@ light, It was therefore necessary to re~purlfy
this liquid before all measurements. These purifications
are described in the "Experimental” section of this thesis.

I+ 1iso-~Octane (2,2,4~trimethylpentane)

The sample of iso-octane used in this study was Hast-
man's Specitro grade. Its physlieal prayartioa are compared to
literature values In Table I. This liquid gave surface ten~
gion values which were constant with time and after a few
extractions with water gave reproducible interfacial tension

values also.
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J« Steariec Acid

The best grade obtsinable from Bastmen Kodalt Company was
used. Many workers in this labopatory have found this sample
to be sufficlently pure for use &s the restraining film

material for hydrophil balance measurements. The s tearle

" aeld was applied to the water surface of the film bealance asg
s dilute solution in benzene (about 0,0005 g. stearic acid
per et. of benzene), &py1i$ﬁ iﬁ this way to a anffiazwnt}y
large area, the benzene quickly evaporated leaving a mono~

molecular film of stearic acid.
R; Water

The water used in this investigation was obtalned from
two different sources. That used in the hydrophil belance
and for intermediate rinsings in the cleaning of glassware
was obtalned by distillation of tap water from a continuous
overflow type of all-metal still. The water was stored in
a tweniy~liter bottle which had been used for this purpose
for several years. This water ham been found in the course
of meny measurements to be satlsfactory for this use. Ita
surface tension at 25,00°C, as messured by capilllary rise was
72,11 #+ 0.04 dynes/em. Measuremsnts of its specific resis
tance at 25°C. varled between 640,000 and 700,000 ohm centie
meters,

The waber used for all interfasisl tension work and
for final rinsings of sll glassware was obtained from the
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