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PRErACE 

What is internal pressure? That question has neTer been 

anawer,d in a aatl•tactory lll8ll!1er. Probably the beet answer 

is the simple statement that it is a measure ot the attraotion 

bet•••~ molecules. While this ia true it gives no indication 

of what eauses the attraoti ve toroe or ot the etteots which 

this attraction has on a substance. 

In this thesis an attempt will be made to use thie vague 

tet1:si1 t1on ot internal. pressure to !"ind a method ot calcu­

lating internal pressure using data tor· Tarious phyaieal 

properties. ~h• liquid state ot various substanoea will be 

considered. A relationship which bolds in the liquid state 
'' 

should hold in the solid o,r gaseous at ate with aome possible 

moditioations taking into account the energy absorbed or 

given otf as a aubatance changes trom one state to another. 

I wish to thank Dr. Scott L. Iittaley ot the Chemistry 

Department ot JLarquette University tor the many helpful sug­

gestions which he proTided during the course ot the work on 

this thesis. Eeyond this, he provided the original suggestion 

that this work be undertaken. 
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I. INTRODUCTION 

Boyle's law, which states that at constant temperature 

the TOlume ot a definite mass ot gas is invera•ly proportional 

to the pressure (2), is obeyed onl.y within certain temperature 

ranges. According to this la• the product or pressure tim.ea 

volume should be a oonstant. Actually as the pressure ia 

varied the Talue ot the product PV Yaries. It haa been ahown 

the J110re 11qu1t1able gases show the greatest deviations :trom 

this law. ( 2) 

Charles' law may be expressed most simply in the tollow-

1ng meJU1er: at constant pressure. the volume ot a gaa expands 

by the same traction ot 1 ts 'tolume at o0 c tor every one degree 

rise in temperature. (2) KathematicallJ expressed this 1a: 

Vt - T0 (l+~t) -
Vt - -n>lume at t 0 G -
Vo - volume at o0 c -
°" - coetticient ot cubical expansion -

Then. according to Charles' law, o<. should be the same tor all 

gases. Accurate measurements to determine the value ot c:,,<;, 

show that this is not true. Again it is the :moat easily 11q­

u1tied gases which show the greatest deviations. At very low 

pressures o( does approach a constant value. ( 2) 

Avogadro• s law holds 'that equal Tol.umea o~ all gases 

Glaastone, S,,· Textbook ot Ph7s1oal Chemiatr1, 
New York, D. Van NostranaCo., (1046) l9l. 
Glasatone, s •• Ibid., 245. 
Glasatone, s., Ibid., 191. 
Glasstone, s. , Ibid. • 247. 

2nd Ed., 
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under the same conditions ot temperature and pressure contain 

equal numbers ot molecules. (2) This law is not obeyed ex­

aotl.y either and the largest deviations, as betore, are shown 

by the more easily liquitied gases. 

The laws mentioned are applicable only to an ideal gas 

which has no :molecular attraction and which is in a pertect 

state or randomness. In tact, it is the interaction ot mol­

ecules which 1a partly responsible tor gaseous behavior de­

viating trom ideality as detine4 by the laws ot Charles, 

Boyle, and Avogadro. 'rhls attraction between :molecules may 

also be used as an explanation ot the various states ot mat­

ter. Since liquids have a more definite shape than gases 

and have a surface,. the cohesive forces between molecules 

must be greater than in the gaseous state. Further, so,lida 

must have an even greater molecular attraction since they 

possess a definite shape and aurtaoes. Since the states of 

matter vary with temperature it may be stated with certainty 

that the molecular attraction depends on the absolute temper­

ature ot the system under consideration. Also, the lower the 

temperature ot the system the higher the molecular attraction 

and the higher t~e temp~rature the lower the molecular attrac­

tion. 

Molecular attraction 1s of most interest concerning liq­

uids and solids. Since gases under ordinary conditions follow 

rather closely the laws tor a perfect gas the molecular attrae­

tion must be slight in most cases. In liquids, however, this 

(2) Glasstone, s., Textbook ot Physical Chemistr1, 2nd Ed., 
New York, D. Van Nostrand co.~ (1946} 248. 



is not t ,rue and moleqular attraction beoomes a very impor­

tant f'actor. 

The tamiliar equation ot van der Waals waa one ot the 

first attempts to take into account the deviations from 

ideal behavior caused by molecular attraction. The deriva­

tion ot this equation may be stated in fairly simple terms. 

A molecule 1n the interior ot a gas has equal ~oraes exerted 

on it in all directions. As this molecule approaches one ot 

the walls ot the retaining vessel this condition changes and 

a toroe is exerted which tends to pull the :molecule toward 

the center ot the gas. Because ot this toroe the measured 

pressure P is less than that which should be exerted accord­

ing· to the kinetic theory. The ideal pressure is then equal 

to P + P 8 , where Pa is a correction term. Since the :torce 

exerted on a molecule near the wall 1$ proportional to the 

number of' molecules it is al.so proportional to the density 

3 

o:t' the gas. The number or molecules approaching the wall 

will also be proportional. to the density of the gas so the 

total attractive torce is proportional to the density squared. 

The density is inversely proportional to the volume or one 

mole ot the gas and the~etore: 

and 

p -( 42 °'- 1 
a i! 

p + p = p a + a iZ 
where a 1s a proportionality taotor. 

The term a ia a measure of the at'tracti ve torce . or ~he 
i! 



:molecules. Since it is combined with the pressure term in 

the ideal gas equation it is cal1ed the cohesion pressure or 

internal preaaure. (2) It wa1 abown earlier that the most 

easily liquitied gases have the highest internal _pressurea 

and therefore these gases must have the highest values tor 

the constant a. Since Tan der Waals equation is empirical 

and not exact the term ; 2 will not giTe a true value at the 

molecular attraction. 

Van der Waals deriTed his equation in 1873 and since 

that time others have conti~ually tried to determine accur­

ately the internal pressure ot ditterent substances. Amag­

at (ll, through a study ot van der Waals' equation, deter­

mined that the attraction between molecules varies inversely 

as the tourth power ot the distance between the molecules. 

w. G. Mc Clewis (13) by studying heats of vaporization 

and expansion came to the conclusion that since these heats 

are ot the same order ot magnitude the range ot attraotion 

between molecules must be Tery small. It should be about the 

same or4er as the mean dietanoe between molecules or about 

10-8 cm. Shortl.y after this he stated that the attraction 

between moleoules is el.eotromagnetic and not electrostatic 

as had been held. In order to follow up on this he attempted 

to relate internal pressure to the dielectric conata11t and 

permeability or substances. His obserTation was that substances 

( 2) 

(l} 
(13) 

Glasstone, S., Textbook of Physioal Chemistr1, 2nd Ed., 
New York, D. van NostrandCo., (1946) 289. 
Amagat, E. H., Afil¼• ohim. phys., 28, 5-48 (1883). 
Mo Clewis, W. C., PhU:-Mag., ,!2, 61•65 (1888). . 



5 

having the l.argar internal pressures have the smaller perme­

ability. Rel.ated to this was the taot that a rise in temper­

ature whieh partially destroys the orientation of :molecules 

al.ters the inverse ratio or molecular 4istanoe to internal. 

pressure trom the fourth to the third power. (14) Mc Clewis 

(15) was finally led to the conclusion that internal press­

ures ~ould not be calculated except through some new assump­

tion coneern1ng internal pressure or the ohange of internal. 

pressure with respect to temperature. 

A. Ledue (10), another ot the pioneer workers in the 

field, started trom van der Waals' equation and said that 

the interna1 pressure ot any gas at constant temperature is 

inversely proportional. to the square ot the specific vol.ume. 

Later he stated that tor gases ot the same molecular consti­

tution and at a corresponding temperature state the attrac­

tion between molecules of a gas is proportional to the square 

or the mass or the moleeules and inversely proportional to 

the tourth power ot their distance apart. (1.1) Leduo' a state­

ment concerning the ettect ot temperature on internal pressure 

appears to be another attempt to expl.a1n the deviation ot 

gases trom the gas laws.. This statement is that the inter­

nal pressure approaches a finite limit as the temperature 

increases indefinitely and that this limit 1s not zero. (12) 

Thia statement has been opposed and oontradioted by the state-

(1.4) )4o Cle.wis, W. c., Phil. MY•, ~' 104-1.6 ( 1889). 
(1.5) Mo 01.ewis, w. c., Trans. FaradaK Soc., 7, 94-115 (l.911). 
(10) Leduc, A., Compt. rend., 148, 1 9l-4 (1.909). 
(11) Leduc, A., Compt. rend., !5!, 179-82 (l.911). 
(12) Leduc, A., Compt. rend., ill, 97-1.00 (1.91.5). 



ment that the internal pressure holds liquids together and 

vanishes at the oritiaal point. (3) 

The objeot ot this thesis is to find some relationship 

between the internal pressure of a liquid and physical prep­

erties ot that liquid. Hildebrand (6) has shown that rela­

tive values of internal pressure oan be calculated using the 

ratio: 

where 

E$ = surfaoe energy 
V = molal volume 

6 

From this, by taking any arbitrary standard ot one, the ratio 

ot the internal pressure ot other liquids to this standard 

may be :round. The internal pressure ot naphthalene is ap­

praximately 3600 atm.. (2) and 1s often used as the standard 

tor comparison. For this thesis benzene will be taken as the 

standard. If a relationship between physical properties and 

these relative values can be found it should be possible to 

calculate the internal pressures from these same properties. 

Since surface tension is caused by an uneven molecular 
-• 

attraction toward surface molecules a great deal ot work has 

been done in attempting to calculate internal pressures trom 

surtaee tension date. By using surface tension data Walden (18) 

(5) 

( 6} 
( 2) 

(18) 

Hallstrom., K. ot, J:!m• Acad • .§.il. Fennice, Ser. A. II, 
No. 5, 30 (1942). 
Hildebrand, j. H., l.• Aa• Chem. soe., il, 500-50'1 (1921). 
Glasatone, s., Textbook ,2! Ph7sioel' Chemistry, 2nd Ed., 
New York, D. Van Nostrand co., (1946) 480. · 
Walden, P., Ion, !, 402-12. 
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had previously arrived at the same relationship as Hildebrand. 

Re expressed it in a ditterent f<l>rm, however. He stated that 

the diameter ot the molecules ot a liquid was proportional to: 

where 

Bo = surface energy 
K • internal pressure 

He also set up another empirioal equation using values of the 

van der Waals constants at the critioal point. This expression 

is: (19) 

where 

K ~ internal pressure 
7T • or1 tioal pressure 

In a similar manner using van der 1faals constants at the orit-

1cal point Stakhorsk11 {17) showed that: 

p 1 = 4.35(1} 
'Y 

where 

-- intern~ pressure 

= latent heat ot vaporization 

T a specific volume 

He also set up one o~ the very ~e• empirical equations tor · 

internal pressure whieh included only the surface tension or 

the liquid in question: (16) 

(lg) Wal.den, P., z. Phys1k. Chem., 66, 385-444 {1909). 
(17) Stakhorskii, K. M.., l.• Russ. Phys. Chem. soo., 58, 

966-82 (1926). -
(lo) Stakhorsk11, K., Urkra1nsk11 Khem. Zhurnal, 1, o"-52 

(1925). 
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-- 77. "/5 't 
where 

'6 = surrace tension 

The heat or vaporization ot a liquid has been used in 

aeTeral empirical equations tor determining internal pressures. 

Using Stephan~s assumption that the work required to bring a 

molecule to the surtace ot a liquid is one-halt that tor the 

Taporization, Hil4ebrand (5) set u.p the following expression: 

where 

1T • 20 65 ( L - RT) 
• V 

Tr = internal pressure 
L • heat ot vaporization 
V • ~leoular volume 
T = bolling point 

+ssuming that the internal molar latent heat ot Tapor-

1zat1on is a m~asure ot the work done against the internal 

preaaure in one mQle ot a liquid oacupy1ng a volume V 

'lfhere 

(1,L V~L1 

E -- change ot internal energy 
V • change of volume 

V = volume o-0cupied 
Li • internal molar latent heat ot vaporization 

Internal pressure is eqttal to {i~~ since this g1 ves the devi­

ation trom ideal behavior. Theretore: 

Pi • (it~~ 
Where 

= internal pressure 

( 5) Hilde.brand, ;r. H., J. A!• Chem. ~-, ,!!, 1067-1080 ( 1919). 



Hildebrand (2) has shown that L1 is approximately equal to: 

•1400 + 24.5Tb 

where Tb 1s the normal boiling point on the absolute saale. 

By tar the most exact expressions tor internal pressure 

can be obtained tro:m. wave and quantum meohanica. The attrac­

tions ot permanent dipoles were at one time considered to be 

the cause or molecular attraction. Since the magnitude ot 

any attraet1on or repulsion depends on the orientation of the 

dipoles, this has been called the orientation ettect. It all 

0rientationa were possible this ettect would be zero but it 

has been shown statistically that certain orientations are 

preferred. The mean interaction potential energy between 

two dipolar molecules is given by: (2) 

211.s• - •. } -----3r6kT 
Uo 

where 

u • dipole moment 
r = distance between moleoules 
s a Boltzmann gas constant 

The negatiTe sign shows that work has to be done on the mol­

ecules to separate them • 

.Any dipole will. induce a dipole in nearby moleoulea and 

a further attraction will result. This ettect 1a independent 

of temperature; ( 2) 

--
where 

( 2) Glass tone, s., Textbook or Physiaal Chemistry, 2nd Ed. • 
New York, D. Van Nostre.rul co., (l946) 480. 

(2) Glasstone, s., Ibid., 2gs. 
( 2) Glas atone, s., . Ible!., 29~. · 



e< = polarizabili ty of molecule 

u = dipole moment 
r • distance between molecules 

These equations meet with two objections: 

1. The equations are applicable to moleoular pairs 

but are not additive. 

2. Many :molecules which do not have permanent dipoles 

ahow large attractions. 

I:O 

London $01Yed these difficulties by using the m•t~ods of 

quantum mechanics. According to quantum mechanics all mol­

ecules possess energy even at their 1owest state and there­

tore show some vibrations between the nucleus and the elec­

trons. The different arrangements ot the nucleus and elec­

trons will set up dipole momenta in the molecule. These di­

poles will induce dipoles in n~arby molecules and result in 

a net attraction between the molecules. The interaction en­

ergy trom this ettect ia: ( 2) 

where 
h = P'lanok' a constant 
v0 = charaoteristio frequency of the molecule 
o1. • polarizabili ty of the moleeule 
r = distance between molecules 

The forces are said to be due to the dispersion efrect be­

cause the oscillations producing the attractive toroes are 

responsible tor the dispersion ot light by molecules. Thia 

dispersion erteet is responsible ~or the greatest part of 

(2) Glasstone, s., Textbook ,2!. Physical Chemistry, 2nd. Ed., 
New York, D. Van Nostrand co., (1946) 299. 
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the attractive toroe in most molecules. When a large perma­

nent dipole is present in a molecule the orientation ef'teot 

becomes fairly large. The induotion etteot 1s never very 

large. The equations shown give the potential energy of in­

teraction. The attractive force is round by dif'f'erentiation 

with respect tor. · It is theretore proportional to r-7 • 

An exact expression mus~ include a factor tor the repul­

sion of' the molecules. (2) The total attraction energy ot 

molecules may be represented by: 

u = Ar-6+ Br-12 

where 

r = distance between :molecules 

A & B = oonstanta 

The :r1rst term repres·en~• the attractive energy and the sec­

ond term represents the repulsive energy • .Ar-e· is almost 

identical with the dispersion erreot tor simple molecules and 
· 3 2 there:rore A is equal to- 4 hv0 o< 

where 
v0 = characteristic trequency of' the molecule 
h =· · Planck.' s constant 
o(. = , polarizabili ty or the molecule 

Hildebrand (4) ha done a vast amount of' work on the pre­

diction ot solubilities through internal pressures. Raoult'a 

law oan be used to predict solubilities tor non-polar liquids 

having equal internal pressures. Non-polar liquids with dit­

terent internal pressures give positive deviations from Raoult's 

(2) Glasatone, s., Textbook ot Physical Chemistry. 2nd .Ed., 
N.-,JJ York., D. Van NostranaCo., {l~46) 300. 

(4) Hildebrand, j. ·H., l.• Am• Chem. !.2.2.•., ~, 1452 (1916). 
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law and show a solubility less than that predicted trom the 

internal pressures. A solubility equation has been developed, 

one f'orm or which may be written as follows: ( 'l') 

--
where 

a2 - aoti'l'ity ot solute -
X2 - mole tract1on o~ solute -
"'2 

a mol·ar volume ot the supercooled liquid solute 
<p - volume traction of solvent -
s - sol.~111 ty parameter -- (,)~ -
E • molar energy ot vaporization 

V . - molar volume ot pure component in liquid state -
~ is a measure ot the internal preaeure and therefore solubil-

1 ty is dependent on internal pressure. 

Hildebrand ( 8} has come to t .he conclusion that solub1l1 ty 

is increased by ditterences in mo•lal volume and diminished by 

dit"terenc~s 1n 1nter·nal preseure. The tormer c-ausea deviations 

from ideal entropy, the latter trom ideal (zero) heat at mix­

in~ ot the pure liquid colll)onents. 

( 7) 

( 8) 

Hildebrand, J. R., Benesi, A.H., and Jlower, L. K., 
j. Am, Ghem • . soc,, 72, 101'1!""20 (li50) • 
Hilaebrand, :r. H., ind GJal.dbaek, l.• Am• ~• ~•, ,!!, 
609-11 (1950}·. · 



15 

rr. RESULTS 

The results given in the !ollowing tables are tabulated 

according to the equation by wh~ch they were calculated. ill 

calculations were ma4e tor correaponding states ot tempera­

ture based on benzene • . The states o! benzene used as a basis 

tor oalculat1ons ware :trom 2000 to 30°c and troa 40°0 to 50°c. · 

The values used 1n the oalcu1at1ons were tak.en t'rom tb.e Inter­

national Critical Tables. (g) Various values of aurtaoe ten­

sion and viscos1 ty were interpolated to the proper tempera­

ture since the values at the corresponding temperature states 

w,re not given. The literature val.uea cited as a comparison 

with ealeulated resul.-ts are based on benzene as a standard 

ot one. ( 2) 

(9) International Critioal Tables, New York, McGraw-Hill Book 
co., Vol. rv, {l938), Vol. V, (1929), Vol. VII, (1930). 

(2) Glasatone, s., Textbook ot Physical Chemistry. 2nd Ed., 
New York, D. V@ NostranaCo., (l946} 480. 
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TABLE I 

THE CORRESPONDING STATF.S USED IN CALCULATIONS 

Critical Corresponding Temp. ot 
TemJ. State J ot T. corresponding ·ca1c. 

Oompoud (K ot Benzene Temp. state ( C) 

Benzene 561.6 o.522-0.540 293.1-303.l 20-30 

Carbon 
Tet. 556.25 0.522-0.540 290.3-300., l.'l.3-27.3 

Chloro-
benzene 632.3 0.522-0.540 330-342 56.9-68.9 

Hexane 507.9 0.522-0.540 265.4-2'14.3 -7.'1-l.2 

Ethyl 
Acetate 523.2 0.522-0.540 2'13-282 o.o-9 
Carbon 
Disulfide 546.l 0.522-0.540 285.5-295 12.4-22 

Water 647.1 0.522-0.540 338-350 65-7'1 

critical Corresponding Corresponding Temp. ot 
Te~. state '1, ot T. - Temp. State Cale • 

Compound . (K of Benzene (It) ( 0) 

Ja.en.zene 561.6 0.557-0. 5'15 313.1-323.l 40-50 

Carbon Tet. 556.25 o.55'1-<G.5'15 310-320 3'1-47 

Chloro-
benzene 623.3 0. 55 7-0 • 5 '15 352-364 79-91 

.. 
Hexane 607.9 0.55,7-0. 575 283-2i2 10-19 

Ethyl 
291. 5:..300. 5 Attetate 523.2 0. 55 ?-0. 5 75 18.4-2'1.4 

Carbon 
Disulfide 546.l o. 557-0. 575 304-314 31-41 

Water 647.l o. 557-0. 575 360. 5-3'1'2 87.4-99 



.J.iJ 

T.ABLE II 

RBSOLTS USING EQUATION ONE 

6't 61'1\, 
Benzene Literature 

Compound X t,_ X Value (2) 

Benzene 1.32 0.086 1.406 

Carbon Tet. 1.24 0.14 1.38 1.02 1.18 

Chlorobenz,ne 1.37 Q._~ 053 1.423 O.Q87 1.0 

Hexane o.93 0.3'1 0.967 1.45 l.'71 

Ethyl Acetate l.1'1 o. '14 1.244 1.13 1.31 

Carbon 
Disulfide 1.48 0.23 0.503 0.935 0.813 

TABLE III 

RESULTS USING EQUATION _TWO 

~,.,.. /).T 
Benzene Literature 

Compound /:}'I X X Value (2) 

Benzene 1.32 0.086 10 .141 

Carbon Tet. 1.24 0.14 10 0.138 1.02 1.18 

Chlorobenzene 1.37 0.053 12 0.11.i 1.18 1.0 

Hexane 0.93 0.3'1 8.9 .109 1.285 1.71 

Ethyl Acetate 1.1'1 0-'14 9.0 .138 1.017 1.31 

Carbon 
Disulfide 1.48 0.23 9.6 .156 .898 0.813 

(2) Glasstone, s., Textbook of Ph7sioal Chemistry. 2nd Ed., 
New York, D. Van Nostrand co., (1946} 480. 
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TABLE IV 

RESULTS USING EQ,UATION THREE 

Benzene Literature 
Compound 4'6' ~hi- AT X X Value , ( 2) 

Benzene l.32 0.086 10 6.78 

Chlorobenzene l.3'1 0.053 12 7.58 0.895 1.0 

Carbon Tet. 1.24 0.14: 10 6.36 1 .. 07 1.18 

Hexane 0.93 0.3'1 8.9 . 7. 'l2 0.8'18 1. '11 

TABLE V 

RESULTS USING EQ.UATION FOUR 

f:j,,.., bT 
Benzene Literature 

Compound .h,"d X X Value ( 2) 

Benzene 1.32 0.086 l.O 8.805 

Chlorobenzene 1.37 0.053 12 9.'15 0.904 1.0 

Garbon Tet. 1.24 0.14 10 8.45 1.05 1.18 

Hexane 0.93 0.3'1 8.9 9.97 0.884 1.71 

(2) Glasstone, s., Textbook ot _Physioal Chem.1s~ry, 2nd Ed., 
New York, D. Van Nostrannco., (19461 480. 
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TABLE VI 

RESULTS USING EtUATION FIVE 

Compound LSt ~ l).T C - A 

Benzene 1.32 0.086 10 l 7.51 

Carbon Tet. l.24 0.14 10 1.18 8.6 

Chloroben-zene 1.37 0.053 12 l 8.'1 

Carbon Disulfide 1.48 0.23 9.6 0.813 5.3 

Ethyl Aoetate 1.17 o. '14 9.0 · 1.31 10 

Hexane 0.93 0.3'1 8.9 1.71 16.3 

TABLE VII 

RESULTS USING EQ.UATION SIX 

Surface Viscosity 
Compound Tension ( a) {a) C A B 

Carbon Tet. 27 .04-25~ 9 1.011-·.8'1 1.18 0.358 0.8'1 

C.hlorobenzene 28.84-27. 5 0.49g-.4'Z 1.00 0.05 0.23 

Ethyl Ac-etate 26.9-25.5 .588~.514 1.31 0.375 ·o.14a .. 
Water 65.3-62.05 .436-.328 0.211 0.026 0.41 

Carbon 
Disulfide. 33.45-32.6 .387-.364 0.816 0.212 0.00'16 

( a) The values given are those or the extremes ot the corres­
ponding temperature state. 
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TABLE VIII 

RESULTS USING EQUATION SEVEN 

Corresponding state - Benzene 20°c~30oc. 
D1pole 

Compound ~i 11"" llT C A Moment. 

Benzene l.32 0.086 10 1 1.40 0 

Chlorobenzene l.3'1 0.053 12 1 1.36 1.7 

Carbon Tet. 1.24 0.1.4 10 1.1.e 1.. 25 0 

Hexans 0.93 0.3'l' 8.9 1. '11. 1.41 0 

Carbon Disulfide l.48 0.23 t.6 .813 2.19 0 

Ethyl Acetate 1.17 0.74 t.o 1.31 1.36 l.i 

Wate;r 3.15 0.108 12 .. 211 1.48 l.84 

TABLE IX 

RESULTS USING E~UATION SEVEN 

Corresponding state - Benzene 4o0 c-5o0c. 

,6'( fl~ bT 
D1pole 

Compoqnd C A .uoment 

Benzene 1.2a 0.05& 1.0 l 1.48 0 

Chlorobenzene l.33 0.0544 12 l 1.37 1. 7 

Carbon Tet. 1.2 0.011 1.0 1.18 1.31 0 

Hexane 0.935 0.031 8.9 l.'71 1.44 0 

Carbon Disulfide 1.43 0.033 . 9.6 .81~ l.81 0 

Ethyl Acetate 1.17 0.046 ~.o 1.31 1.57 l.9 

Water l.79 0.049 1.2 .211 l. 5'1 1.84 
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'?ABLE X 

RESULTS USING EQ,UATION EIGHT 

Corresponding state - Benzene 20oc-30°c. 

6."t ~ ~T 
Dipole 

Compound G A Moment 

Benzene 1..52 0.086 10 1 1.40 0 

Chlorobenzene 1.57 0.053 12 1 1.36 1.7 

Carbon Tet. 1.24 0.14 10 l 1.21 0 

Hexane 0.93 0.3'1 8.9 1 - 1.28 0 

Carbon Disulfide 1.48 0.23 9.6 1 2. 24 0 

Ethyl Aoetate 1.1.'l 0.74 9.0 1 1. ~9 1.9 

Water 3.15 0.1.08 12 1 1.9 1.84 

TABLE XI 

RESULTS USING EQ,UATION EIGHT 

Corresponding state - Benzene 40oc-5o0 c. 

~~ ~I"'\, 6T 
Dipole 

Compound C ... Moment 

Benzene 1.2e . o.o5& 1.0 1 1.48 0 

Chlorobenzene 1.33 0.0544 12 l 1.37 l.'1 

Carbon Tet.. 1.2 0.011 10 l 1. 2'1 0 

Hexane 0.935 0.031 8.9 1 1.3 0 

Carbon Disulfide 1.43 0.033 9.6 1 l.Bl 0 

Ethyl Acetate l. l'l 0.046 9.0 1 1. 5 1.9 

Water l.79 0.049 12 l l.'19 1.84 
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III. DISCUSSION 

It was pointed out on page two that internal preseure is 

dependent on temperature; the internal pressure increases. as 

the temperature deoreases. In order to take this into account 

the O'al.oulations we,re made at corresponding states ot tempera­

ture. 

Two general types ot equations were used to find a rela­

tionship between su.rtace te:nsion, viscosity, and internal 

pressure. Equations one through tour are ot the type: 

where 

5(~)+ f(~) ~ X 

a function or surface tension 
a function ot Tiscosity 
a constant to which the given equation 1s 

equal 

The value ot X tor benzene was divided by the val.ue of X tor 

the various compounds used in the calculations. These values 

were compared with the values obtained trom the literature. 

The object ot this procedure was to find some relationship 

trom which the eal.eul.ated ratios of internal pressures would 

be eque.1 to the literaiure va1ues. 

Kquations tive through eight may be expressed in the 

general form: 

where 

J.!( 5') + Bf(~) : 0 

f(i) : 
~(IT\) = 

A&B= 

a tunot1on of surtaoe tension 
a ~unction of viscosity 
empirical constants 



c = the literature val.ue ot the internal 
pressure ratios baaed on benzene aa one 

The object ot these equations was to find some relationship 

involving- empirical constant~ whioh oould be used to calcu­

late the ratios ot internal pressure. 
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The first equation 1s a summation ot the change ot vis­

cosity and ohange or surtace tension across the 1nterYal ot 

the constant corresponding temperature state based on benzene 

trom 20°c to 30°c. The equation 1 s: 
iJ r + ~tr- :: X 

change ot surface tension 
change ot Tiscosity 
constant tor each substance 

The values ot X tor benzene di•ided by X tor the other sub­

stances used show that this relationship does not give con­

sistent results. The calculated result tor chlorobenzene 

must be raised to a power sl.ightly less than one to obtain 

the 11 terature value while the other values must be raised 

to powers greater than two end the value tor carbon tetra­

chloride must be raised to a very high power. 

Equation two is a mQditicat1on ot equation one in which . 
the ohange ot surtaoe tension and the change ot viscosity in 

the proper temperature range are divided by the number ot 

degrees in the temperature range. This gives the change ot 

surface tension and viscosity per degree rise in temperature. 

This equation 1a: 

X 
where 



6i = change of" surface tension 
£j.,,., = change or: Tiscosi ty 

.6 T - temperature range in corresponding state -
X - a constant tor each substance -

Th• results o:t this equation show a greater varianoe from . the 

literature values except tor the case or carbon tetrachloride, 

which has the same temperature range as benzene in the corres­

ponding state. The result tor carbon tetraehioride is there­

f"ore the same as that obtained trom equation number one. 

Equation three ia a further moditioa~ion or equation one: 

~ ~{ + 1'- 1~ -= X 
whe;re 

i:l 't - change of surtaee tension -
L)"" - change of viscosity -
b.T = temperature range in corresponding state 

X - a constant tor each substance -
Calculations using equation three soow that the values ot the 

ratios or internal pressure :tor chlorobenzene and tor hexane 

are lowered conside;rably while the value tor carbon tetra­

chloride is raised slightly. In order to obtain further in- · 

:tormation on this tendency another modification was made on 

the equation. -this waa done by multiplying the tirst term 

of the equation by two, giving equation tour: 

~~~+~~*= X 
The various terms here being the same as 
in the previous equations. 

The results obtained from this equation show a reversal ot 

the trend noted •1th equation three. ~his reversal is such 

that 1i appears that an equation or this type will not provide 

a means ot oa1c~at1-ng the ratios ot internal pressures trom 



aurtace tension and vtsoosity date. 

The second type ot equation employs the known values ot 

the ratios ot the internal pressures and is solved tor empir-

1oal constants. 

Equation ti ve is the r1:rst equation ot this type: 

A A~ 4""' C 7fF+ AT=-
where 

At - ohange of surface tension -
,1""" - o~ange o~ viscosity -
llT - temperature range in oorrespondi ng state -
(. - ratio ot internal pressur~ to ~hat ot benzene -
A - empirical constant -

On page 20 the general equation was shown with two empirical. 

constants. In this equation the value ot B is taken as one. 

Bis a multiplier ot the second term in the equation. 

The value ot A calculated by this equation varies con­

siderabl7. The value is close between carbon tetrachloride, 

benzene, and chlorobenzene. These three show the ~est agree­

ment throughout. The surprising tact is that carbon tetra­

chloride is usually very close to one or the other while the 

third is somewhat d1tterent. Since benzene and ohlorobenzene 

have th, same internal pressures it would seem that they ought 
~ 

to be very close with carbon tetrachloride varying. (2) 

gquation six uses the surface tension, and viscosity at 

the extrem~s of the temperature range ot the corresponding 

state. Two empirical constants are solved tor through simul­

laneous ~quations. The equation is: 

(2) Glasatone, s., Textbook ot Physical Chemistry. 2nd Ed., 
New ~ork, n~ · van NostranTco., (1946) 480. 
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where 

~ - surface tension -
n :I viscosity 

A&B = empirical constants 

C - known. ratio ot internal pressures based -
on benzene as one 

The values ot A and B oalou1ated from this equation agree in 

sign but not in magnitude. While the value ot A varies con­

siderably between ditterent compounds it is positive in a11 

cases. The same holds tor B with the exoeption of the aign. 

Bis negative in all cases. 

Equation seve-. might be considered as a modif'ioatio.n ot 

equation ti Te. The e.~uation is: 

- 1(9-.-~ +L ~T = c.. 
where 

,1~ 
41(\, . 
,6,T 

A 

C 

---
= 
= 
= 

change or surtace tension 
change of viscosity 
temperature range of corresponding state 
empirical constant 
ratio ot internal pressures based on 
benzene as one 

The values ot A calculated troa this equation show a much 

better agreement except in the cases of carbon disulfide and 

water. This equation was used tor calculations involving two 

corresponding temperature states. The agreement is seen to 

be tatrly good in both temperature ~anges. In the higher 

range the value ot A tor carbon disulfide is much closer to 

the average va:Lue in the temperature range. A comparison ot 

the averages shows t~at by neglecting the value tor carbon 
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disulfide one average . can be calculated tro• the other. Us­

ing carbon disulfide in the calculations the average tor the 

temperature ranges based on benzene ia as tollows: 

20°c-30°c 
40°c-5o0 c 

1.49 
1.51 

40°c-5o0 c (Calculated) 1.585 

Neglecting carbon disulfide the averages are: 

20°G-30°c 1.38 
40°c-5o0 c 1.46 
40°G-50°c (Calculated) 1.47 

The calculation of the aYerage was :made with the tollow1.ng 

equation: 

where .. -
--
--

average to be calculated 

average knoWl'l 
corresponding state as a traction ot the 
critical temperature 

30°c is o.54 ot the critical temperature ot benzene. 40°c is 

0.575 ot the critical temperature ot benzene. The calculation 

of the average tor the higher corresponding state neglecting 

carbon disulfide is then: 

- o. 5'15 ci . 3e) 112 - 6.54 
Jl2 : 1.4'1 

where M2 is again the average to be calculated. 

While this calculation 110rks for the averages it does not hold 

tor each 1n41vidual value obtained. For example, the value ot 

A tor ohlorobenzene increases trom 1.36 to 1.37 while the cal­

culated v~ues are 1~36 to 1.45. 
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The dipole moment aeems to have very little etteot since 

carbon disul~ide, which shows the greatest variance, has a mo­

ment ot zero and wat.er, which also Tariea considerably, has a 

moment ot l.84 eleotrostatic units. This is in agreement. with 

the statement on page tour that molecular attraction is elec­

tromagnetic and not electrostatic and with the quantum mechan-

. ioal consideration on _page_ ten. There it waa stated that in 

most oases dipoles, bot·h perJ1.anent and induced, generally con­

tribute very little to molecular attract1~n. 

Equation eight assumes that internal. pressures are equal 

at corresponding temperature states. The equation is the 

same as equation seven except the ratio C is one in all cases. 

The values or A calculated by using this modification show 

that this is not true since there is a wide variance in the 

values. These r~sults indicate the internal pressures ot 

various substances are not equal at the boiling point. This 

being the case the ettect ot temperature on internal pressure 

must d_epend to a l.arge extent on the size and structure ot 

the molecules. Along this line it is seen that water and oar­

bon disulfide, each of which have three atoms per molecule and 

the molecules of which ue very small, show the greatest devia­

tions trom the general tendency ot the results. This suggests . 
. an etf'ect which may be analagous to sterio hindrance. S1noe 

the compounds with larger molecul.es show a close agreement in 

equations seven and eight such an ettect might be one explana-

tion or the ditf'ioultiea involved in attempting to calculate 

internal pressures. These results agree with what was stated 
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on pages six and seven ooncern1ng molecular diameter and in­

ternal pressure. 

... 



where 

IV. St:OOI.ARY AND CONCLUSIONS 

-- change of surface tension 

/jl't"' = change of vi soosi ty 

!lT = temperature range ot corresponding state 

A = empirical constant 

C = known ratio of internal pressure based on 
benzene as one 
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was solved tor A. It was found that by neglecting the value 

tor carbon dis~lt'ide the average Yalue or A in o,ne correspond­

ing temperature state could be calculated trom the value in 

another corresponding temperature state. The 1nd1 vi dual 

values cannot be calculated in this manner, however • 
.. 

The dipole moment was shown to have very little effect on 

internal pressure. Along with this, the compounds showing the 

greatest variations appeared to be those with the smallest 

molecules. This leads to the conclusion that a factor anala­

gous to ster1c hindranoe•·may enter the picture. This would 

account tor the relative agreement ot the value or A calculated 

tor compounds having larger moleeul.es. 
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V. SUGGESTIONS FOR :ruRTHER STUDY 

The major point which presents itself tor further work 

is the e:t':teat or molecular diameter and volume on the value 

ot A calculated ~rom equation seven. This ie a large problem 

in itself' since very little data is available on molecular 

diameters and volumes. It might be helpful to determine the 

etrect o:t' apparent molecular volumes. This should give some 

indication ot the e:t'tocts of molecular size on internal pres-

sure. 

Equation seven could probably be made more exact by em­

ploying data on more physical properties. The main objection 

to this is that the equation would become Tery unwieldy. At 

the same time the temperature ranges of the corresponding 

states ought to be made smaller in order to determine the 

ett·eot of temperature on internal pressure. From what has 

been noted concerning the failure ot the equation to hold o~ 

the assumption that internal pressures are equal at corres­

ponding temperature states, temperature et'tects must dep,end 

upon molecular size and ~omplexity. Therefore, it appears 

that molecular diameter, volume, and temperature o-ught to be 

studied together. 
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