CHAPTER 9

THEORIES OF VISCOSITY
A. Bondi
I.
II.
III.
IV.
V.
VI.

Introduction
Molecular Theory of Liquids
The Rate Process Theory of Flow
Diffusion Methods
Comparison of the Formulas
Effects of Molecular Structure
1. Monatomic Liquids
2. Polyatomic Nonassociating Liquids
3. Polar Liquids
4. Ionic Melts
5. Mixtures and Solutions
6. Homologous Series
a. Polymer Homologues
b. Ordinary Homologues
c. Isomers
d. Homomorphs
Nomenclature

321
322
326
330
332
337
337
337
340
342
344
346
347
348
349
349
350

I. Introduction

It is rather unrewarding to summarize the status of theory during a
period of very intense development, especially when older theories are replaced by new ones of very much sounder structure.
A theory of viscosity of liquids which is solidly anchored in continuum
mechanics and in molecular theory has only very recently been developed.
It is, as we shall see, so complicated as to preclude application to other
than simple monatomic liquids. It is to be hoped that this theory can be
worked out also for substances of more general interest and that it can be
simplified without too serious loss in accuracy to make it applicable on a
broad scale. The interest of chemists in the understanding of the relations
between the molecular structure and viscosity is so pressing, however, that
physically sound semiempirical property correlations would be more immediately useful than rigorous theories if they permitted to generalize the
available information and to make at least semiquantitative estimates of
the effects of structural changes on the viscosity and its temperature and
pressure relations.
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The following review aims to evaluate the existing theories of viscosity,
both with respect to their relation to the rigorous molecular theory of
liquids and with respect to their ability to provide the practical information
required by the chemist. The latter will be accomplished by comparison of
the data of selected compounds with the viscosity to be expected on the
basis of their known chemical structure.
II. Molecular Theory of Liquids

The molecular theory of liquids attempts to describe the properties of
liquids in terms of the radial distribution function of nearest neighbors
around a given reference molecule, and in terms of the distribution of
molecular velocities. Owing to the close proximity of the molecules to each
other both of these distribution functions are primarily determined by the
magnitude of the intermolecular forces. In its simplest form the radial
distribution in a liquid can be discussed as follows:2 The probability that
a pair of molecules will be found separated by a distance r in a fluid must
be proportional to exp. [—βψ2(τ)] where \f/2(r) is a mean potential energy of
the molecules in this configuration and β is (kT)r1 It follows that the
radial distribution function is given by the formula
n2(r) = const. X exp. [—βψ2(τ)]

(1)

the constant being determined by the requirement that n2(r) should approach the value n2 as r becomes very large. To determine the mean potential energy \j/2(r), only approximate methods are available at present.
There exists, however, an exact relation between φ2(τ) and the mutual
potential energy of a pair of molecules represented by φ(τ). The exact solution is of the form
n,(r) = n2 exp. [-βφ(τ)] (l + £ v " * )

for r < ^

(2)

and
n 2 (r) = n2 exp. [-βφ(τ)]

for r > ξ ?

(3)

where r0 is the value of r for which φ(ν) has its minimum, and the second
bracket of equation (2) is an oscillatory series of complicated structure,
which imparts the characteristic wavy shape of the density distribution to
the function, and which is exceedingly sensitive to density, i.e., to temperature. The potential function is most conveniently expressed in terms
1
This section is essentially a "Readers' Digest" type presentation of H. S. Green's
derivations. 2
2
H. S. Green, "The Molecular Theory of Fluids." Interscience, New York, 1952.
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of the so-jcalled Lennard-Jones 6-12 potential
Φ(τ) = -μτ~* + ωτ-12

(4)

where the coefficients μ and ω can be derived from first principles.
The problem in all theories of the flow of liquids is to relate viscosity to
the intermolecular potential φ(ν). Green's theory derives the relation along
the following physical picture:
The molecules in a liquid are coupled to each other by the intermolecular
attraction. Hence if two adjacent layers in the fluid move with different
velocities, each will tend to drag the other in such a manner as to dissipate
the state of relative motion in the absence of sustaining external stresses.
As a result of the drag exerted on one another by molecules in adjacent
layers of the fluid moving with different velocities, the molecular structure
of the fluid is deformed. If one considers the mean configuration of the
molecules surrounding a given molecule one will find instead of a radial
distribution—such as obtains in equilibrium—a somewhat ellipsoidal distribution with principal axes determined by the local velocity gradient.
The extent of deformation of the molecular structure determines the magnitude of the coefficient of viscosity.
While the molecular distribution function n2 for fluids in equilibrium depends only on the relative position r = x(2) — x(1), for fluids in motion it
is affected by the existence of a velocity gradient. If the latter is not too
large, ft may be expanded in form of a Taylor's series of which the (i + l ) t h
term involves the ith power of the velocity gradient:
n2 = n2° + n2 + n2

+ ···

(5)

where n2° is independent of the velocity gradient, n2 is linear in the velocity
gradient, and so on. Where the fluid is at rest n2 = n2°. The linear term
n2 can be written in the form

«'-"{*")'*
7l2

;

(6)

r2
The effect of the velocity gradient on the distribution function having
been defined, the theory of viscosity is developed by Green by evaluation
of the pressure tensor p for the case of liquids:

p « - \ f «ίτ-rr-yM di = 1 (jL u ) / ντφ'{τ) dt = -2η (± u )

(7)

Hence the viscosity is
η =

§δ /

vr

*' (r)

dT

(8)
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TABLE I
T E S T OF E Q U A T I O N S (11)

Substance

T, °K.

Argon
Methane

84
90.1
111

AND (21)

3
v X 10
obs., poise

2.8
2.1
0.88

W I T H ARGON AND M E T H A N E

η X 103*
calc, poise

-ΝΑφ
(n)
cal./mole

NA*f (caic.)
cal./mole

2.34
2.3
0.74

260
272
210

280
385
268

* Calculated by means of equation (11) using London's dispersion energy d a t a
for 0 ( r ) .
f Calculated from t h e observed viscosity d a t a by means of equation (21).

The function v must be approximately proportional to the equilibrium
value of the radial distribution function:
v = an2°

(9)

It is assumed that a is an only slowly varying function of r. Since ή2° ~ 0
at r < r0 and φ'(τ) ~ 0 at r > r 0 , the main contribution to the space
integrals of (24) and (25) will usually come from values of r slightly greater
than r 0 . The integrals will therefore vary as η20(τύ where r\ is some value
of r in this region. For liquids the contribution of thermal motion to viscosity can be neglected. If one approximates n20(ri) by n2 exp. [—βφ(τ)] one
obtains for the viscosity
η oc exp. [-βφ(τ)]

(10)

A probably very approximate solution for the viscosity has been given3 as
" =

2J

^T^

1U5

Νψ α (η)] 1/2 ^1 exp.
v

[-βφΜ]
(11)
= 0.48 ^ [πιφα(η)Ϋ12 exp.

[-βφ(η)]

V

where φ α (η) is the attractive component of the pair potential, CV~6, which
can be obtained from London's dispersion-force calculation,4 using for ri,
the value appropriate to the density of the liquid. Surprisingly enough this
equation gives numerical values for the viscosity of the right order (see
Table I).
Starting from a very similar concept Kirkwood and co-workers5 gave an
exact solution for the viscosity of fluids, by means of which they have calculated the viscosity of liquid argon to within a factor of 2. The equivalent
3

M. Born and H . S. Green, Proc. Roy. Soc. (London) A190, 455 (1947).
F . London, Trans. Faraday Soc. 33, 8 (1937).
6 J. G. Kirkwood, F . P . Buff, and M. S. Green, / . Chem. Phys. 17, 988 (1949).

4
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of equation (8) is given by Kirkwood as

" =p W

+

mf n* f r,*'W*W"·^^ dr

(12)

Where f is the friction constant which occurs in Smochulowski's equation
for Brownian motion

— = - f
tUio

where Aui = root mean square velocity increment and Ho = average
velocity of the molecule at time t = 0. \//(r) is the shear perturbation function of n2° (r), the radial distribution function, and is thus the equivalent
of v in equation (8), all other symbols have the same meaning as before.
The first term gives the contribution of the momentum transport by collision.
The solution of equation (12), containing a much higher approximation
of the shear perturbation of the radial distribution function than that proposed by Green, is exceedingly complex, and it would serve little purpose
to present it here except in the very abbreviated form

where

< - ^ + ί£*βί ΛΛ · ) *' α,) * + '] <13>
s — —*

n

Φ(χ) = «(aT12 — aT6),

v symbolizes the shear perturbation terms, and the friction constant is
approximated in terms of the intermolecular forces as
f=j-rrPj\20^r[rY(r)]dr

(14)

8 53 X 10~15
The numerical solution for the case of argon is η = —
+ 2.63
X 106 f = 1.27 X 10~3 poise and £ = 4.84 X 10~10 g. sec."1. The experimental value for argon is η = 2.39 X 10~3 poise. The gas kinetic term
pkT/2 f contributes only 2 % of η for liquid argon at 89° K.
(Only because of the availability of a numerical evaluation has the gas
kinetic term been included in the presentation of equation (13); it has been
deleted for reasons of simplicity everywhere else in this article.) The similarities between equations (8) and (13) are quite apparent. A discussion of
the basic differences would be beyond the scope of this article. For numerical calculations it should be pointed out that in (13) the exponential
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term of the distribution function is squared, hence according to equation
(13) 11* exp. [-2j8*(r)].
A similar approach—although in a highly simplified form—has been
offered some time ago by van Wijk and Seeder6a. They use a radial distribution function
ρ(σ) = e x p > ^ > - ^ ) ]
v - b
~ *"
kT

(15)

where ρ(σ) is the particle density and e(a) the potential energy at a distance
σ from the reference molecule, σ being of the order of r 0 , the location of
the minimum of the potential energy curve; e(R) is the potential energy at
the distance Ry where the average particle density corresponds to that of
the empty volume v — b; b is here the volume of the closely packed molecules. Consideration of the hindrance offered by the nearest neighbors to
the flow process then leads to a viscosity equation
71

[v(v - b)\

exp.[B(v,T)-ß]

(16)

where C is an unknown constant related to the vibration frequency of the
molecules and B(v, T) is the isochoric temperature coefficient of viscosity,
which also has to be determined empirically. For many simple liquids
B(v, T) is very small, often practically zero. The meaning of large values of
B(v, T) in more complicated systems has been discussed in detail elsewhere25·26. It is noteworthy that equation (16) describes the behavior of
simple liquids up to pressures of about 3000 kg./cm 2 .
III. The Rate-Process Theory of Flow

So far only the molecular theory of fluids discussed in the previous section has been able to develop within itself a theory of flow. The cell-model
theory of the liquid state, on the other hand, which has been able to describe exceedingly well the equilibrium properties as well as thermal conduction of liquids is probably inherently unsuited for the description of
flow phenomena without extraneous assumptions. 6 The reason may be that
the cell model describes the behavior of a single molecule in the field of its
neighbors, which surrounds it like a cage, while a theory of flow can probably only be developed from a theory of liquids starting from the relative
distribution of two or more molecules in space.
A very general theory has been proposed by Eyring, which should in
5e

W. R. van Wijk and W. A. Seeder, Physica 4, 1073 (1937); 6, 129 (1939).
The Brownian motion of the cell, proposed by Eisenschitz,7 has not persuaded
the reviewer that a cell-model theory of flow is possible.
7
R. Eisenschitz, Proc. Phys. Soc. A52, 41 (1949).
6
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principle be quite independent of the model chosen for the liquid state
although it has originally J^een connected with the cell model. 8 · 9 The assumption is made that the motion of a molecule past its neighbors can be
considered as passage over a potential barrier and as such can be treated
by the theory of absolute reaction rates. That theory describes the elementary processes governing the kinetics of chemical reactions, when the
passage over a potential barrier constitutes the
central problem. The detailed mechanism considered by the rate process theory is depicted in Fig.
1. Two neighboring molecules which, by an accident of density fluctuations, find themselves surrounded by sufficient free space can carry out a
minuet-like rotational motion, following which the
pair dissociates again. The rotation may be impeded by the fields of surrounding molecules.
In the absence of a stress, "forward" and "backFIG. 1
ward" rotations will be equally frequent. In the
presence of a shearing stress the potential barrier will be deformed so as
to favor the "forward" jumps, i.e., to favor alignment of the pair in the
direction of the largest principal tensile stress.
Obviously the process is composed of several steps, one or more of which
might be rate-determining. The first of these steps is the creation of a suitable environment for the rotation, i.e., of lowered local particle density.
The second is the association reaction, the third the passage of the rotating
pair past its neighbors, and finally the dissociation of the pair. A priori
decisions regarding the rate-determining step cannot be made. But on the
basis of quantitative considerations one may make some guesses regarding
the magnitude of the potential barriers. Steps 2 and 4 are similar to association and dissociation reactions with rotational barrier,9 for which the barriers
are in our case €2 = e0 — ep and €4 = e0 — e(f), respectively, where 60 =
pair potential at the close separation r 0 , ep = rotational energy of the pair,
and e(f) the pair potential at the prevailing average separation f. Both barriers are likely to be negligibly small in our case. The local expansion required
for the described process is of the order 2.4 times the van der Waals' volume
Z(2)

of the molecules. Hence, if e oc r~6, e i ^ irrrtir), where Z(2) is the number of
5.8
nearest neighbors per molecule of the pair. Nothing at all can be said about
€ 3 , except that it should depend upon the density as primary variable.
Experience has shown that for simple liquids (dv/dT)v is very small,
8 R. E. Ewell and H. Eyring, J. Chem. Phys. 5, 726 (1937).
9
S. Glasstone, K. J. Laidler, and H. Eyring, "The Theory of Rate Process."
McGraw-Hill, New York, 1947.
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often nearly zero. It appears therefore that for simple liquids the rate-determining barrier might be ei, the potential energy change accompanying the
local expansion in the space where motion is to take place; this has often
been called the "energy of activation for hole formation. ,, The following treatment deals with any relative motion of molecules past each other in a stress
field. The mutual distance of the molecules in the three space coordinates is
r\ and r 3 (normal to the direction of motion), r 2 (in the direction of motion),
the length of the jump in the stress field is r* , and the shear stress is /* .
The potential barrier is then biased in the direction of motion by the amount
— %fr2r*r* and by the same amount with opposite sign in the backward
direction. Therefore the net rate of motion per molecule should be
An = r*k(e / r 2 r 3 r * m r -

β'^^

ΆΤ

)

= 2rk sinh (fr2rzr*/2kT)

Generally ir2rzr* « 2kT and Au Ä* fr2nr*k/kT.
reaction rate theory
.

kTF*

/

Λ

(17)

In terms of the absolute
x

and
AU = (fr2rzr**/h)(F^/F)

exp. (-β*μ)

(18)

where F^ and F are the partition functions, per unit volume of the molecules
in the "activated" and in the initial states, respectively, and e^ is the height
of the potential barrier governing the process.
According to the cell model of the liquid state

where v/ is the fluctuation volume within which the center of gravity of the
molecule carries out its thermal motions and is assumed to obey the ideal
gas laws, and b stands for the rotational and vibrational partition functions. The chief difference between a molecule in the initial state and one
in the activated state for simple relative motion of one molecule past its
neighbors is that the activated molecule has one translational degree of
freedom less, the other degrees generally not being affected. Hence
F_
F+

(2wmkTyf2 1/3
v)!i
h

(19)

substituting (19) in (18) gives
Au
- , = Wi(2mi)tr)-"V"exp.(-)5e^

(20)
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Since ΔΜ/Γ* is the microscopic shear rate the right-hand side of equation
(20) maybe a measure of the fluidity (l/η); one may therefore write for the
viscosity, assuming r2rzr* « vL ,
η

= ί^1\

(2wmkT)m exp. (ββμ)

(21)

The choice of the magnitude of e^ is open. From the guesses made above
it is likely to be equal to (Z/5.8) e(r), i.e., of the order of the pair potential
at the prevailing average intermolecular distance, or possibly somewhat
greater. Inserting the numerical values for the properties of argon10 and
solving for €μ one finds indeed that e^ Ä* — <£(r), as calculated from first
principles or from gas kinetic theory, using the Lennard-Jones 6-12 potential. (table I)
In the application of the rate-process theory to processes, the potential
barrier of which is determined by the van der Waals forces it must be
realized that one cannot derive e^ directly from the temperature coefficient
of the rate under consideration.
Owing to the effect of thermal expansion on φ(ν) the true activation
energy decreases rapidly with increasing temperatures. The discrepancy between the conventional activation energy for flow ea = k(d In η/3Τ~ι)Ρ and e^
is well illustrated by argon for which NAea = 520 cal./mole and ΝΛ£μ =
290 cal./mole at 84° K. The vast majority of so-called activation-energy
data in the literature are therefore at best of comparative value only, but
their absolute, numerical value is not likely to be correct.
A more serious criticism is that of the formulation of the reaction-rate
theory used above by Brunner12 who showed that the "universal·' frequency
factor kT/h is entirely arbitrary and should be replaced by

where δ is the width of the potential barrier and m* the reduced mass of
the activated complex. The equation for viscosity would then become

,.(i)<2™,m"'(£)exp.(!i)

(22)

or
, = ( A ) (2rm,kT)w
10

Using the recently proposed value11 for vt.
A. Bondi, J. Phys. Chem. 58, 929 (1954).
12
E. Brunner, J. Chem. Phys. 17, 346 (1949).

11

exp. ( ^ )

(23)
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where AF* is a free energy of activation. No assumption has been made in
equation (23) regarding the partition function ratio. It appears reasonable
to identify m* with ra, the mass per molecule, and to assume that δ is of
the order of v) 3, the average amplitude of the thermal oscillations of the
molecules in the liquid. Substitution of equation (19) in (22) would then
give

*= Vtv —τ-exp· \ττ)

(24)

if the passage across the barrier is considered as translation. Since the factor
v) 3(27rm/cT)1/2//i is not far from unity, there is no large numerical difference
between equation (24) and equation (21).
IV. Diffusion Methods

Assuming that a theory of diffusion could be derived from a theory of the
liquid state a number of authors developed theories of viscosity in terms of
the coefficient of self-diffusion. The basic relation underlying most of these
attempts is that between the number s0 of displacements per unit time of
length r and the coefficients of self-diffusion Ds:

so = *??

(25)

r2
13
We shall follow Simha's derivation, who suggested that the application of
a shearing force / per unit area causes the number of displacements to be
increased to s+ in the direction of the shear field and to be decreased to
s_ in the opposite direction. The relative velocity Au between the two
layers caused by the applied stress is then
Au = r(s+ - a.) = —
(26)
v
where rd = distance between the two layers. The energy change of a moving
molecule in the process amounts to ± / - A e - r / 2 , where A8 = area per
molecule exposed to the shear force, r/2 is then half the width of the barrier
formed by the cage (of neighboring molecules) around the reference molecule. In the undisturbed state one-sixth of all displacements occur in either
of the direction ± / and two-thirds in the two orthogonal directions. Then
s+

*- - β I«

e

) - ^ -

w

(27;

where the approximation on the right is valid for low values of / . The vis13

R. Simha, J. Chem. Phys. 7, 202 (1939).
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cosity is then given by

(28)

• - To;

and if As-rd = v, the volume per molecule

(29)

VDS

Frenkel,14 on the other hand, simply supposed that the diffusional motion
of a particle in a ' Viscous'' environment can be described by the Stokes
relation

(30)

ύ = J—
όπηη

where u = average particle velocity, r0 = particle diameter, and F = the
force applied to the particle, which for diffusional motion takes on the form
suggested by Einstein.
(31)

D. = ^ or

'"

ras

<32)

For the case of particles of molecular size diffusing among particles of equal
size Eyring showed that the coefficient in front of π should rather be of the
order of unity. 9 If r in equation (29) is comparable with r0 it is easily seen
that equations (29) and (32) are virtually identical.
The final form of the viscosity equation depends on the theory of selfdiffusion chosen. The theory of absolute reaction rates obtains by a similar
argument to that developed in the previous section

^ = ^(0 /2 exP-[-MZ»]

(33)

and when substituted in equation (29) gives
, = i l (2*mkT)m

exp. \ß^(D)\

(34)

V

which is identical with equation (21) if it is supposed that the activation
energy for self-diffusion t^D) is identical with the activation energy for
14

J. Frenkel, "Kinetic Theory of Liquids." Oxford, New York, 1946.
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flow e^s. Frenkel gives an equation for the diffusion coefficient

D = Φ exp. {-ßW)

(35)

6
but gives no theory from which to calculate s0 or W. Following an earlier
argument of Frenkel's, rs0 would be the thermal velocity {kT/2irm)112,
giving for the viscosity
η = —

(2irmkT)112 exp. (ßW)

(36)

an equation which is rather similar to equations (21) and (34).
The thermal oscillation frequency in condensed systems is more suitably
represented by (rx - r 0 ) _ 1 (Z φ (r)/m)m than by (kT/2Tm)1,2'r~\
Equation (36) would then be of the form:
1/3

/

^ Ί Τ ( Ζ ^ )

\l/2

-^expOWO

(36a)

if the oscillation amplitude n — r0 is set equal to 1.2 vfl,z.
V. Comparison of the Formulas

It appears that only two formulas need be compared, namely, equation
(11), representing an approximate solution of the molecular theory,
η = 0.48 ^ [πιφα(η)]υ2 exp. [-βφ(η)]
(11)
v
and equation (21) as representative of the rate-process theory and the
various diffusion theories of flow,
1/3

= V-L- (2TmkT)112 exp. (ßej
(21)
v
The similarity in form between these two equations is striking. However,
a considerable difference arises if one substitutes for the free volume vf in
equation (21) the formula relating it to the intermolecular potential φ(τ).
That relation is approximated, according to the various free volume
theories11 by
η

W ~U»wJ
Hence (21) can be written as

t0

[zW)\

(37)

333

THEORIES OF VISCOSITY

Now the two theories have only the factor m1/2/t;2/3 and possibly the exponential term in common. The term in kT/φ^) in the rate-process theory
expressions runs counter to intuitive expectation since normally the viscosity rises as the inverse of this term rises. In view of the overpowering
effect of φ^/kT
in the exponential term this pre-exponential term loses
much of its significance, however. The primary differences between the
equations are that in (11) the term <j>(r) is clearly defined, whereas the
activation energy e^ in (21) is only in principle understood as related to
<t>(r) but the applicable potential energy surface has not yet been constructed. Empirically, i.e., by solving for e^s one finds that the viscosity of
argon yields for e^ a magnitude of the order of the pair potential <£(r), an
observation which one would not have predicted a priori. Another characteristic difference is the appearance of kT in the pre-exponential factor of
equation (21). This, of course, has to do with the assignment of gas kinetic
properties to the molecule in its cage in the cell-model theory. For the simple
liquids under consideration [<j)(r)/kT] is only slightly larger than 1. The
numerical factors (2π)1/2 = 2.5 and 0.48, respectively, just compensate for
the appearance of υ) 3 in equation (21) where n appears in equation (11).
The data of Table I indicate that both equations give about the same results if we substitute the appropriate numerical values for φα{τι), Φ(?ι) (m),
and Vf in them. The only monatomic liquids with large values of <£(r) are
the liquid metals, which are sufficiently anomalous in other respects to be
excluded from the comparison.
The density of argon decreases so rapidly with increasing temperature
that φ(η) also decreases to very small values as the temperature is raised.
The apparent activation energy is therefore larger than φ(η). The inclusion of a density function into the calculation of the apparent energy of activation is therefore imperative if one wants to obtain a reliable relation between the energy of activation and the intermolecular
forces. Andrade had proposed an intuitive relation ή oc exp. (a/vT) some
years ago which gave rather more rational sequences for a in a series of
measurements than were computed without the volume correction.16 A
function along the lines of Lennard-Jones 6-12 potential would probably be
better yet.
The effect of pressure upon viscosity enters equation (11) through its
effect on the radial distribution function, which may be written
n 2 exp. \-β[φ(η)

+Ρη*]}

Hence equation (11) becomes
η
15

= 0.48(τηψα(η))1/2 - l exp. { -β[φ(η)
v

+ Pn]}

E. N. da C. Andrade, Proc. Roy. Soc. (London) A215, 36 (1952).

(39)
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To be comparable with φ(η), the pair potential, the pressure term should
probably be referred to a single pair and read Z _1 Pri 3 , where Z = number
of nearest neighbors per molecule. In any case equation (39) is likely to be
a poor approximation at high pressures where the shape of the radial distribution function is changed appreciably from that at atmospheric pressure, and must be replaced by a more accurate solution of (8) than has
been attempted so far.
From the point of view of the rate-process theory the barrier e^ must
increase with increasing pressure likewise by a term n^lP · VL. Ewell and
Eyring identified e^ with vnx~1(dE/dV)Tl where nx is to be determined empirically. If the identification of e^ with —φ(η) can be verified, nx would
be related to, or be identical with Z, the number of nearest neighbors per
molecule. The consequence would be
, = v£ ( W T ) 1 " exp. \ßv2Tl [ Q ! )

y

+ P}

(40)

an explicit expression for the relation between viscosity and pressure.
Equation (40) contains the explanation for the often observed relation
(οη/ΘΤ)ν — 0, namely, that for such liquids
τ
2AT

f/ap\

/(*Ϊ\

\ =

+

\\dT/v , at Tl \dT/v , at T + AT) v
T + AT
Equation (40) represents a relation between the η-ρ-Τ and the p-v-T
properties of a liquid. The quantitative verification of (40) has been presented by Ewell and Eyring who computed the p-v-t curve of n-pentane
from the viscosity vs. pressure data. 8 Since the function (dE/dV)T +
P increases with pressure at a decreasing rate one should expect log η
or log η-υ (equivalent to log v) to do likewise. This is indeed observed,
The usual statement that log η must be proportional to the pressure is
implicitly based on the incorrect assumption that (dE/dV)T , the "internal
pressure," does not change with pressure. More often it is based on another
formulation of Eyring's viscosity equation in which (F/F^) exp. (e^/kT)
where &Fμ is called the free energy
has been collected into exp. (AF/^RT),
of activation for flow.
It is then argued that (dA/*7jA/dP)7' = V/nx, which is equivalent to saying
that (d log η/θΡ)τ = V/nxRT. Since there is no rule which forbids
(d2AF^/dP2)T τ^ 0 the deduction that log 77 must be linear in P is obviously
not of general validity.
The various approximate theories described have been developed for
liquids composed of spherical molecules, or rather atoms, which obey simple
intermolecular potential functions. Their application to polyatomic substances meets with numerous difficulties. The molecular theory could not
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TABLE II
A P P L I C A T I O N O F E Q U A T I O N S (11)

Substance
Benzene
n-pentane
n-decane

AND (21)

TO V A R I O U S L I Q U I D S

η X W 1 v X 10«
obs.
calc.
-ΝΛ φ ( η ) *
poise
poise
cal./mole
Z\

T
293
293
298

6.5
2.33
9.1

2.8
2.05
24.7

970||
920
1,900

8
6.4
6.2

NA*l (calc.)
cal./mole

nx
\dVjT
cal./mole

1,700
1,140
2,200

1,480
780
1,200

* ΝΑφ(?ι) is estimated as AEvap/Z .
f Z is from X-ray diffraction patterns of these liquids.
§ nx is computed from the pressure coefficient of viscosity.
|| ΝΑφ{τ) - 1,280.

describe their radial distribution functions and no theory has an appropriate potential function for systems to which the concept of central forces
does not apply. A simple way out of the dilemma is to ignore these difficulties in zero th approximation and to insert the appropriate numerical
values for force and geometrical parameters into the equations. As the
data of Table II show, the viscosity values so calculated are of the right
order of magnitude. This result may—but need not—prove that the viscosity of relatively simple polyatomic substances is governed by essentially
the same principles as is the viscosity of the monatomic liquids. Several
attempts have been made to incorporate the excitation of other than the
translational degrees of freedom across the barrier in the rate of flow equations of more complicated molecules. A very general expression has been
proposed by Barrer16, which does not specify the degrees of freedom
involved but depends only on their number sx . It can be cast into the form

where (l/g)n = probability that each of n particles moves simultaneously
in one of gr-preferred directions, r0 = mean period of oscillation of librating
molecules or groups, €* = total energy of all the degrees of freedom activ a t e d ; sx =

y-ea'ß

Equation (41) can be rearranged to the more familiar shape:
η
16

= Όί1 ^r(mkT)1^

expUyßea-1) In ( ^ - ^ ) \

R. M. Barrer, Trans. Farad. Soc. 38, 322 (1942).
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NÄe* = Ea + sxRT, where Ea is the conventional Arrhenius activation
energy:

and

(£),--«*+»
Empirically Barrer found for most liquids

S

* = L 4 5 (Ä)

for

0<

§<50

and for glasses and ionic melts

s

* = °- 44 (i&)

for

0 <

Ϊ&<10°

Since one of the basic assumptions underlying this rate-process theory for
many activated degrees of freedom is (E/RT) » sx/2, the above results
do not strictly justify the application of this treatment to viscous flow.
Another open problem is the question as to what kind of degrees of freedom
are activated. The primary value of Barrer's very extensive work is probably to have pointed up the complexity of the flow process of more complicated molecules.
The diffusion model can be applied to moderately large polyatomic
molecules (chains of 6 to 50 carbon atoms in length) if one assumes that
flow is made possible by the motion of the chain ends. Then the viscosity is
η = (ßwreDe)-!

(42)

where re and De are, respectively, the width and diffusion constant of the
chain ends.17 The magnitude of De can be calculated from theories developed
for the diffusion of the chain ends of high polymer molecules. The motion
of the chain ends is impeded by the barrier to internal rotation (known
from thermodynamic measurements) and by an external barrier ~φ(τι)
which is calculated for the interaction of the chain ends as independent
molecules. Using the accepted values of the relevant parameters one calculates in this manner for the viscosity of n-hexadecane 2 and 0.6 centipoise
at 25 and 100°C, respectively, compared with measured values of 3.0 and
0.9 centipoise.
A. Bondi, to be published.
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EFFECTS OF MOLECULAR STRUCTURE

1. MONATOMIC LIQUIDS

If one excludes the liquid metals, the group of monatomic "liquids" for
which viscosity data are available is represented by liquid argon, and then
only at atmospheric pressure. All theories of the liquid state and of viscosity are tested against these data, as has been done also above (see Table
I). It would be very desirable to have viscosity data also on the liquefied
higher noble gases and at more than one pressure.
Viscosity data of liquid metals are more plentiful, especially because of
the efforts of Prof. E. N. da Costa Andrade, whose simple equation for
viscosity at the melting point
*a.p. = | ( m 2 p ) 1 / 3 ^

(43)

where p = density and Θ = Debye's characteristic temperature for the
solid, has been surprisingly well confirmed.15»18 However, only for mercury
enough basic data are available to test the more complicated theories of
viscosity. The pair potential computed from recent data 19 substituted for
€^ in equation (21) gives values for the viscosity at 20°C. as well as at
200° C. (see Table III) which are of the right order, but the ratio of the two
is larger than it is for the experimental values. The latter lead to a conventional energy of activation of about 600 cal./mole, or about one-half
the value of the pair potential. Equation (11), on the other hand, gives
rather large values for the viscosity of mercury.
It follows from the formulation of equation (40) that, in general,
AHh±/AV = (dE/dV)T , where

and

^-*[6&X-(£?)J
AV> = V/nx = RT (d In v/dP)T .

The data of Table I I I indicate that these general relations are likewise
obeyed by mercury. Until the physical properties of metals will be better
understood it will be difficult to predict the absolute value of the various
coefficients (rather than their ratios) from the known properties of metals.
2. POLYATOMIC NONASSOCIATING LIQUIDS

The assumption of central forces leads to reasonable values of the pair
potential for many diatomic and triatomic molecules, but is of doubtful
" E. N. da C. Andrade, Phil. Mag. 17, 497, 698 (1934).
" L. F. Epstein and M. D. Powers, / . Phys. Chem. 57, 336 (1953).
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T A B L E III
C O N S T A N T S I N THE V I S C O S I T Y E Q U A T I O N S FOR M E R C U R Y

Vj/dE\
VJ

-ΝΑΦ

Potential

Energy

T = 293° K. cal./mole
T = 473° K cal./mole
Viscosity: at 293° K :
centipoise

(n)*
1,450
1,370
Calc.f
5.0

N A*ti

\dv)
nnxx \dVJ
τ 7

ΔΕχ*

ΑΕτχ**

1,130
198
570
1,210
observed; a t 473° K : Calc.f
1.55
1.7

340

AEth
230

observed
1.05

* Calc. from Epstein and Powers 1 9 pair potential by means of t h e Lennard-Jones
equation.
t By means of equation (11) using t h e value of φ ( n ) given in this t a b l e .
§ Computed from t h e observed viscosity using equation (21).
|| V/nx is computed from Bridgman's viscosity vs. pressure d a t a .
* Conventional activation energy for flow.
** Computed from Bridgman's d a t a .
T A B L E IV
E V A L U A T I O N O F T H E P R O P O R T I O N A L I T Y η <χ m112

W I T H D A T A ON

L E A D AND T I N T E T R A A L K Y L S *
R —

(M PbR4 /MsnR4) 1/2
fopbiu/i?e»iu) a t 20° C.

GH3

C2H5

C4H9

C7H15

1.22
1.36

1.18
1.19

1.13
1.15

1.09
1.08

* Based on viscosity d a t a by Hügel 2 2 .

validity when applied to polyatomic molecules which interact primarily
through their outer atoms, such as the hydrocarbons. The relatively simple
structure of the latter permits a quantitative estimate to be made of the
interaction potential by consideration of the C—H/C—H, C—H/C—C,
and the C—C/C—C interaction separately.20
It is seen on Table II that equations (11) and (21) still give reasonable
values for the viscosity but, as expected, the divergence from the experimental values increases with increasing molecular weight.
The shielding effect of the outer atoms permits a check of the effect of
molecular weight upon viscosity by comparison of the viscosities of the
heavy metal tetra-alkyls, 21 the molecular interaction of which is almost entirely determined by the alkyl radicals. Such a comparison is presented in
20 Müller, A., Proc. Roy. Soc. (London) A154, 624 (1936).
21
T h e corresponding all-carbon compounds are excluded from comparison because of the special steric crowding effect.
« G. Hügel, Kolloid-Z. 131, 6 (1953).
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TABLE V
EVALUATION OF THE PROPORTIONALITY η <χ m 1/2

WITH EXAMPLES FROM

D E U T E R O COMPOUNDS

Benzene*

Cyclohexane*

[

1.038

1.07

y(deutero compound)
i?(hydrogen compound)

1.063 (20° C.)
1.056 (60° C.)

1.065 (20° C.)
1.060 (60° C.)

ilf(deutero compound)
M(hydrogen compound)

* Viscosity data from paper by J. A. Dixon and R. W. Schiessler presented before
Div. Phys. and Inorg. Chem., Meeting Am. Chem. Soc, Kansas City, Mo. (1954).

the data of Table IV. All but the methyl compounds are well represented
by the (m)1/2 relation predicted by equation (11) and (21),23 by inference
weakening the validity of equation (24) which postulates η « ra. The deviation of the methyl compounds probably means that the methyl group does
not suffice to shield the metal-metal interaction. The liquids covered so far
in this section are all sufficiently expanded over most of their liquid range
(at atmospheric pressure) that the small—and therefore rigid—molecules
of which they are composed experience no significant restraint in their
external rotation.11 The range of molecular weights and of intermolecular
forces covered by this group of liquids is also broad enough to constitute a
good test of equations (11) and (21). Both of these simple expressions have
thus been found to describe the viscosity of liquids composed of freely rotating rigid molecules as well as, if not better than, could have been expected.
The change of viscosity with pressure is sufficiently well described by
equation (40) even in density ranges where rotation of the polyatomic
molecules must be severely restricted to suggest that no new phenomenon
has to be taken into consideration as long as the potential eR restricting
external rotation is smaller than any potential e,· restricting internal rotation of molecule components relative to each other. If eR > €»·, the possibility exists that the molecule will deform in the process of passing its
neighbors, a possibility which is not at all foreseen in the derivation of the
simple viscosity equations.
For very anisometric molecules, the external rotation of which is severely
hindered, and for which often eR > u , the simple equations (11) and (21)
23
Pople 24 has suggested that any theory of the viscosity of fluids must give the
proportionality to ra1'2 for molecules of approximately spherical symmetry.
24
J. A. Pople, Physica 19, 668 (1953).
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or (39) and (40) are clearly inadequate. Except for the current development
symbolized by equation (42) no attempts have been made to calculate the
viscosity of such systems from the properties of the molecules.
Equation (41) may be used to estimate a posteriori, i.e., from the observed
viscosity data, how many degrees of freedom, sx, had to be activated per
molecule to achieve viscous flow. If sx ^> 3, the inference is that the
molecule has to be deformed or that a cooperative act of several neighboring molecules is involved, all of which have to move simultaneously
to permit flow to take place.
It is a peculiar characteristic of many liquids that are composed of complicated and fairly large molecules, to exhibit relatively large values of
(3η/θΤ)ν . It has been inferred from this that R(d log v/dT~l)v = ΔΗμ>
might be identified with the term sxRT and hence be a direct measure of the
energy required to deform the molecules in the flow process.25 In line with
this conclusion one observed that in general AH^J is small for molecules
which are known to be very flexible and vice versa.26 These evaluation
methods are, of course, speculative and their value lies mainly in having
aided in the generalization of the existing data. A few illustrative examples
are presented in Table VI.
The viscosity of liquids composed of molecules with complicated shapes
will probably never yield to calculation from first principles, nor is it likely
that the effort would be worthwhile. All one can hope for is the establishment of rational correlations which may be based on the form of the relationship between viscosity and intermolecular forces, exemplified by equation (11), and on the concept of independent mobility of molecule segments
as expressed in equation (42). Examples for such correlations will be discussed in the following paragraphs.
3. POLAR LIQUIDS

The presence of permanent dipoles in the molecules of a liquid raises the
intermolecular forces, may cause restriction of external molecular rotation
through the directional interaction of the dipoles of neighboring molecules,
and in the ultimate case may lead to more or less permanent association of
neighboring molecules.
While the effect of the dipole moment interaction upon the potential
function has been treated in detail,27 and can be estimated with fair accuracy, the effect upon the radial distribution function is still obscure.
(This function will almost certainly be asymmetric in shape, although not
2δ A. Bondi, J. Chem. Phys. 14, 591 (1946).
2e
A. Bondi, Ann. N. Y. Acad. Sei. 53, (4), 870 (1951).
27
J. S. Rowlinson, Trans. Faraday Soe. 45, 974 (1949).
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TABLE VI
EXAMPLES OF ISOBARIC (ΔΗχ)

AND ISOCHORIC (AHfi

ACTIVATION

E N E R G I E S FOR FLOW

Substance

n-pentane
neo-pentane
n-decane
7i-octadecyl-benzene
1,1 diphenyl hexadecane
n-propyl alcohol
t-butyl alcohol

T, °K.

293
313
293
318
310
293
293

ΑΗχ kcal./mole

ΔΉ%* kcal./mole

1.3
2.2
2.5
6.1
8.9
5.4

sufficiently so to be oriented in the usual shear fields.) The shear perturbation of this radial distribution function probably follows the same general
pattern as for the nonpolar case. The net effect of the presence of permanent
dipoles may therefore be restricted to that of the rise in the numerical
value of φ(τ).
This conclusion is born out by the data shown in Table VII, which demonstrate rather well the small effect of many typical dipoles upon viscosity.
The hydrogen-bonding types of dipoles occupy an exceptional position,
especially in those instances where their presence leads to continuous association, extending over many molecules. When association is strong
enough to lead to the formation of permanent dimers—as in the case of
the fatty acids—the presence of the hydrogen bond has no perceptible
effect on viscosity, being completely neutralized within the dimeric molecules.25
The continuous association, on the other hand, may take the form of
long-range order, of which water and hydrofluoric acid are extreme examples, and of which the transient polymeric chains of the alcohols are rather
typical manifestations. Neither case is at present accessible to rigorous
treatment. The hydrogen bond not only raises φ(τ·), but precludes the use
of a simple radial distribution function to determine the probability of
finding a second or a third molecule at any given distance from the reference
molecule. Nor is it likely that the viscosity of such liquids can be described
in terms of the shear deformation of the radial distribution function alone.
The Eyring school deduced from the magnitude of ΔΗ^3 (the isochoric
temperature coefficient) for alcohols ( ^ 3fccai./mole) that the passage of
one molecule past another in these liquids involves the breaking of hydroxyl
bonds. 9 (Water does not fall into this pattern, probably because of the
complicated behavior of its structure). While this interpretation of the
magnitude of AH^ appears plausible, especially for the lower alcohols, it
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TABLE VII
EFFECT OF DIPOLES UPON THE VISCOSITY*

Substance

»720 poise ',X

ΑΗχ
103 kcal./mole

Mt,#

ΔΗ9 - ΔΗν(η C5) kcal./mole

n-C 6
C—C—0—C—C
C—C—0—N=0
0

2.3
2.3
2.2

1.3
1.3
1.4

0
1.15
2.38

C—C—0—C

3.8
4.2

1.8
1.9

2.72

4.3
4.5
5.0
6.0
6.0

1.9
1.85
2.06
1.92
1.98

2.79
1.51
1.48
2.15
4.05

2.7
3.5

7.0

2.22

3.58

3.5

c—c—c—c=o
0

c—c—c—c
c—c—s—c—c

C—C—C—C—SH
C—C—C—C—Br
C—C—C—C=N
0
/
C—C—N
\
0

0
0.5

1.6

1.85
2.60

* From ref. 26.
t From ref. 28.

is insufficient to provide for means to compute their viscosity from first
principles. The recent measurements by Lawrence et al.,29 of ΔΗμ' for
alcohols over a wide range of densities might provide some further insight
into the flow behavior of hydroxyl-bonded liquids.
In a qualitative way the viscosity reflects the strength of the hydrogen
bonds in liquids with continuous association, as is shown by the data of
Table VIII, where the energies of vaporization are compared with the apparent energies of activation for a wide variety of hydrogen-bonded liquids.
4. IONIC MELTS

Ionic melts, in common with liquid metals and with hydrogen-bonded
liquids, are held together by chemical bonds as well as by van der Waals'
attractive forces. A peculiar characteristic of most ionic melts is that each
ion is surrounded by neighbors with charges of opposite sign. If flow were
28
29

L. G. Wesson, Tables of Electric Dipole Moments, M. I. T., 1948.
A. Jobling and A. S. C. Lawrence, / . Chem. Phys. 20, 1296 (1952).
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TABLE VIII
COMPARISON OF ISOCHORIC ENERGY OF ACTIVATION AHf

OF HYDROGEN-BONDED

L I Q U I D S WITH T H E I R ENERGY OF VAPORIZATION ( A L L AT 20°

Substance

methyl alcohol
ethyl alcohol
n-butyl alcohol
aniline
* AHj β
- ASv(Rg)]p/T

excess energy of
.

vaporization

ΑΗχ'

AHV

1.8
2.4
3.3
4.3

9.00
10.2
13.2
14.6

=

TASj,

C.)

AHV>*

where

1.7
2.6
3.7
3.9 (50°C)
ASv* =

[ASV

TABLE IX
VISCOSITY, CONVENTIONAL ACTIVATION ENERGY FOR FLOW AE%.

LONDON-VAN DER

W A A L S ' ATTRACTIVE POTENTIAL EW , AND ENERGY OF VAPORIZATION
A^vap. of F U S E D SALTS

Salt

T, °K.

LiCl
NaCl*
NaBr
KC1
KBr
PbCl 2

1123
1123
1053
1108
1048
881

η centipoise

2.1
1.20
1.28
1.21
1.34
2.96

ΑΕχϊ
kcal./mole

(3.8)?
9.1
8.0
7.4
8.0
6.7

Ew. kcaiymole
(per ion pair)

5.4
5.3
5.6
6.7
6.8

—

(l/ß)AEvap.\\
kcal./mole

6.3
5.7
5.9
5.6
5.4

* For the assumption of molecular flow equation (11) gives η = 2.5 centipoise and
equation (21) calculates from the observed viscosity ΝΛ*χ — 5.2 kcal./mole for NaCl.
t With the exception of the value for LiCl the data of this column are from ref.
30.
§ Computed from the literature values for the interaction constants and the interatomic distances in the crystal.
|| From ref. 30.

to involve the displacement of an ion past these nearest neighbors, the
potential barrier and hence the viscosity should be exceedingly high. Actually, however, the viscosity of salt melts is quite low. One might conclude
that the motion of ions in flow takes place within a uniform electrostatic
field and is restricted only by van der Waals' forces. A comparison between
the van der Waals* forces and the viscosity parameters is given in Table
IX.
The viscosity of mono-monovalent organic ion melts is nearly identical
with the viscosity of the corresponding undissociated or covalently bound
compounds, as is evident from the data of Table X, probably because the
30

B. S. Harrap and E. Heymann, Chem. Revs. 48, 45 (1951).
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TABLE X
VISCOSITY AND ELECTROLYTIC D I S S O C I A T I O N O F F U S E D ORGANIC S A L T S
AT 150° C . ( F R O M W A L D E N AND B I R R 3 0 » )

77§

Salt*

at

(n-COsN-HPi
(C3)4N-Pi

0.074
0.087

0.11
0.75

(i-C5)iN.HPi
(n-C^N-Pi

0.094
0.098

0.08
0.71

* " P i " is t h e picrate radical.
f T h e degree of dissociation is estimated by Waiden's rule, as a = O.6/A.17, where
A is t h e equivalent conductance.
§ In poise.

ionic bond is localized well within the molecule30* -31 and is loosened only by
application of an electric field. These compounds therefore can be treated
like equistructural ordinary polar molecules.
5. MIXTURES AND SOLUTIONS

The central problem in the calculation of the viscosity of mixtures according to the molecular theory of liquids2 is the formulation of the interacting forces for the binary system. The same method as that employed
for the single species yields for the force acting on a molecule of species (a)
in a mixture of (a) and (6), at point x(1)
naJ\

^ ^ +^Ιο)^

(44)

and correspondingly for the force terms in the pressure tensor
- \ f [n£V(r) + näVMF'ir dt

(45)

- g / I n S V W + n & V W F ' r r dr

(46)

and

where the <£'s refer to the pure species and ^(r) is the potential of intermolecular force between (a) and (6).
If it is assumed that the total pressure tensor can be represented by the
sum p = p a + p&, one obtains for the viscosity
V = Ho f [ναφά(τ) + 2vct\r) + vt4*'(r)]r dr

(48)

3oa p . Waiden and E . J. Birr, Z. Physik. Chem. A131, 1, 21, 31, (1928); A160, 45, 57,
161 (1932).
31
J u s t as t h e hydrogen bond in t h e f a t t y acid dimer.
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where va , Vb are the shear perturbation terms of the pure species and vc is
the shear perturbation term of the radial distribution functions of (a) relative to (6) and vice versa. Equation (48) implies a parabolic additivity of
viscosity for ideal mixtures, and a rather more complicated temperature
function of the viscosity of mixtures than of pure substances. Neither conclusion is borne out by the experimental data.
The diffusion theory of viscosity32 leads to
η = r*kT[(na/Da)

(49)

+ (nb/Db)]

and thus to
V = 6kT {[(ηα/τα0) exp. (ua/kT)] + [{nh/rh) exp. (ub/kT)]}

(50)

where n are the oscillation periods of the molecules. Introduction of a term
corresponding to mutual diffusion requires an assumption regarding the
additivity of the activation energies. If linear additivity is assumed, one
obtains after some simplifications
V = ΧαηΧαηΧαΙ + xrffoii

(51)
33

where Xi = mole fractions, η^ = "mutual viscosity" = QkT/ταοτ^3
exp. (Uab/kT). Qualitatively equation (51) represents the effects of the
interaction of the mixture components on viscosity quite well. It is not likely
to be quantitatively correct, however, nor is the peculiar temperature behavior of mixtures which this equation predicts borne out by experiment.
The "hole theory" of flow, on the other hand, leads to the concept of an
average energy of activation, either32
or

ü = uaaxa2 + 2uabxaXb + ubbXb2

(52)

€ = €aXa + tb%b

(53)

9

If the molar volumes of (a) and (b) are not very different one obtains from
equation (52)
log η = xa2 log ηα + Xb2 log776 + 2xaxb log r?a6

(54)

whereas equation (53) leads to
log (77) = xa log (va) + Xb log (vb)

(55)

Of these only equation (55) has been tested experimentally, and has been
found valid for those ideal mixtures for which Va = Vb. For others the
32

J. Frenkel, Symposium on Viscosity of Liquids, Acad. Sei. U.R.S.S. 2, 30 (1949).
Recently the suggestion has been made, that the mutual viscosity can be determined independently from dielectric relaxation measurements.34
34
N. E. Hill, Nature, 171, 836 (1953).
33
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TABLE X I
VISCOSITY O F PHYSICAL AND C H E M I C A L HYDROCARBON M I S T U R E S

Substance

„20°C.*cs.
(experimental)

v 98.9° C.* ce.
(experimental)

Tri-n-octylmethane (I)
Tri(cyclohexylethyl)methane (II)
% + Yz Π physical
% I + H II chemical
% I + % II physical
}i I + H II chemical
Tri(phenylethyl)methane(III)
% I + H III physical
HI + H Π Ι chemical
HI + H H I physical
HI + H H I chemical

16.03
730
30.74
29.85
88.97
84.38
73.82
18.39
17.38
27.88
23.78

2.49
10.10
3.33
3.29
5.10
4.98
3.82
2.57
2.53
2.91
2.74

* Experimental values by Schiessler et al.u.

relation
r,-i __ _vah
e x p . j| - [(XOAF^O)

+ XtoF*Qb)) - AF'/2A5]\

— _

|

. .
(5b)

was found to hold, where AF^ = free energy of activation (v.s.), AFE =
excess free energy of mixing (obtained from vapor pressure or similar measurements).
It is noteworthy that the viscosity of physical mixtures of different hydrocarbons of medium molecular weight is nearly identical with the viscosity
of individual hydrocarbons containing the various groups in the same molecule, as is illustrated in the data of Table XL This test of the validity of the
concept of independent segmental motion of the segments of higher molecular weight compounds has not yet been extended to nonhydrocarbon
systems, especially to those containing polar functional groups.
6. HOMOLOGOUS SERIES

From what has been said so far it is clear that theory of viscosity can
make only a small contribution to the understanding of the actual magnitude
of the viscosity of more complicated substances. It is entirely conceivable,
however, that the contemplation of the experimental data of a few series
of such compounds might make a contribution to the development of the
viscosity theory if the effect of systematic variation of molecular structure
can be demonstrated. A few such illustrative data are therefore presented
in this context.
35

R. W. Schiessler, et al. Proc. Am. Petroleum

Inst. 28, 1 (1947).
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a. Polymer Homologues
The simplest manner by which to enlarge a small molecule is to repeat
its structure by addition processes. If the addition takes place in one dimension only, this process gives rise to a polymer homologous series. The
normal paraffins, their perfluoro analogues, the polybutenes, etc., are typical examples. None of these series are truly repetitive, however, since the
terminal group differs significantly from the central members of the chain,
usually in the sense that its interaction energy contribution is smaller than
that for the other chain elements. The successive dilution of the terminal
group effect is responsible for the change in physical properties with increasing molecular weight, at least up to degrees of polymerization of
about 50.
The transition from the lowest members of a series (the viscosity of which
might in principle be described by the theoretical viscosity equations) to
the higher members (the viscosity of which is largely determined by intramolecular flexibility) is, naturally, sliding rather than abrupt. A few typical
data are assembled in Fig. 2 for a group of compounds which do not differ
as much in intermolecular force constants as they do with respect to molecule flexibility.
The theories describing the molecular-weight dependence of the melt
viscosity of high polymers are generally not applicable if the degree of
103
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polymerization is less than about 100, because they are based implicitly
on the assumption of negligible contribution of the chain ends to viscosity.
A theory describing the viscosity of polymer homologues at D.P. ^ 50
in terms of the diffusion rate of the chain ends17 should clearly establish the
relation between η, Μ, and the barrier hindering internal rotation of molecules in the liquid state.
b. Ordinary Homologues
The typical homologous series of organic chemistry defines the series
of compounds of the common formula X · (CnH2n+i) where X is a given functional group or constant configuration of atoms and n can take on all values
from 1 to infinity. The bulk physical properties of the members of such a
series reflect the degree to which the specific property of the group X has
been diluted by the paraffin chain. At n = oo all series should have identical
properties. However at n = oo, η —> oo. Hence this argument is not very
useful for the discussion of viscosity.
The curves of Fig. 3 are rather typical of the homologous series effects in
viscosity. One group of compounds, characterized by strong dipole or hydrogen-bond interaction maintains over the entire molecular-weight range
studied a nearly constant ratio of viscosity to that of the hydrocarbon of
equal chain length, even at as relatively high a temperature as 80° C. The
other group, typified by the mono alkyl benzenes exhibits a viscosity vs.
chain-length curve which approaches that of the paraffins of equal chain
length at high molecular weight.
The molecular weight independence of the ratio [η/η(hydrocarbon)]n for the
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first group is a manifestation of the (expected) addition of a constant
term for the dipole or the hydrogen-bond interaction to φ(ν) in the exponential term of the viscosity equation, because of the overwhelming strength
of the dipole-dipole compared with the dipole-CH 2 interaction. For the
alkyl aromatics and other compounds with weakly interacting groups,
however, the "functional group"—"functional group" interaction is of the
same order as the "functional group"—CH 2 interaction. Hence upon relative increase in the probability of contacts with CH 2 groups, as the alkyl
chain is lengthened, the magnitude of φ(τ) increases less than proportionally
with n. The above-mentioned dilution effect holds in viscosity therefore
only for homologous series with the weakly interacting parent group. The
same rules seem to apply to homologous series with α-ω bifunctional parent
groups.
One might summarize the observations on homologous series by saying
that, to a rough approximation, the relative trends of the η vs. n curves of
various series can be predicted from their respective φ(ν) vs. n relations.
c. Isomers
Except where, as in the shielding of powerful dipoles or OH groups by
branch chains, isomerisation leads to a direct and strong effect on the intermolecular potential φ(τ), no effect of isomerization on viscosity can be
predicted on the basis of the parameters occurring in the theory of viscosity of simple liquids. All of the observed effects argue strongly for the
introduction of a term depending upon intramolecular flexibility into the
theory of the viscosity of liquids.
d. Homomorphs
One of the most striking features of the viscosity of liquids is the near
equality of the viscosity of those liquids which are composed of molecules
of the same or similar shape, regardless of their chemical composition,
provided strong dipoles and/or large differences in molecular flexibility are
absent.26 The homomorph effects are, of course, most noticeable with moderately large molecules where the major part of the molecular interaction
derives from the hydrocarbon component of the molecules. Except for the
fact that the effective molecular interaction in such instances is in effect
but a hydrocarbon-hydrocarbon interaction, thus accounting for the observed similarity in the intermolecular potential <£(r), there is no element
in existing viscosity theory by means of which the above mentioned effects
could have been predicted.

Nomenclature
Diffusion coefficient
Coefficient of self diffusion
Avogadro's number
Hydrostatic pressure
Absolute temperature
Shear stress
Boltzmann constant
Mass per molecule
Number of molecules per unit
volume
n*{r) Radial distribution function of a
pair of molecules
r
Distance between the centers of
two adjacent molecules
r at bottom of potential well
r0
n
Typical average value of r in a
liquid
v
Molecular volume
v/
Fluctuation volume per molecule
Molecular volume in the liquid
vL

D
Da
ΝΛ
P
T
/
k
m
n

x
Position vector
χα , Xb Mole fraction of a and b, respectively
ß
(kT)-1
e^
Energy of activation
η
Dynamic viscosity
μ
Attractive force coefficient in
equation (4)
μ
Dipole moment in 1018 e.s.u.
v
Shear perturbation of ni(r) in
equations (6) to (9)
v
Kinematic viscosity
v
Shear perturbation terms in
equation (13)
p
Density of fluid
φ{τ) Mutual potential energy of a pair
of molecules at distance r

♦'(r)

350

£{*&■)}

