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Macros‘co;}ic a'.ppr’oach' of van der Waals attraction theo’fy is employed to calculate the Hamaker
constants (4) of two identical short chain aliphatic alcohols in vacuum. Values so obtained are in
good agreement with those obtained from the microscopic theory; revealing that the intervening effect
is negligibly small in these alcohols. The zero frequency contribution to Hamaker constant i.e. 4,_y .
is found to be 5-109%, of total Hamaker constant. The dispersion contribution to the surface energy
of alcohols has been estimated. Further, the interfacial tensions between alcohol and mercury (7 .4/x)
are also calculated. These values compare well with experimentally determined values of 7.4/,
when a correction term for the dipole-induced dipole interaction between alcohol and mercury was
introduced in Fowkes’ equation for the interfacial tension.
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" INTRODUCTION

The van der Waals (v.d.w.) forces are quantum mechanical in origin and emanate
from the fluctuating electromagnetic field around the atomic dipoles.” If a molecule
possesses a permanent dipole moment (polar, molecule), the interaction between the
dipoles lead to the existence of orientation forces. These forces are also called as
Keesom forces. A polar molecule may also polarize a nearby neutral molecule and
results in an additional induction or Debye force between them. The prerequisite for
the existence of these forces is the presence of at least one permanent dipole. However,
molecules possessing no permanent dipole moments (non-polar) may also attract each
other through the forces called as dispersion forces. Though the time average of the
dipole moment in such molecules is zero, yet at any instant there exists a finite fluctuat-
ing dipole which polarizes the neighbouring atoms or molecules and results in an
attractive force between them. The frequency of fluctuations is in the ultra-violet
(u.v.) region and closely related to optical dispersion. Therefore these forces are
referred to as dispersion forces. The satisfactory theory to account for these forces
was put forward by London®? who showed that the v.d.w. interaction energy of two
atoms or molecules in free space varies as the inverse sixth power of their separation.
Dispersion forces are some times known as the London or London-van der Waals
forces. ~ The total v.d.w. force between two atoms or molecules is given by sum of the
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orientation, induction and dispersion forces. The dispersion forces are always present
and dominate over the orientation and induction forces except in the case of strongly
polar molecules.

The v.d.w. forces are of fundamental 1mportance in the collmd and interface
chemistry involving the phenomena such as colloid stability, surface and interfacial
tensions; wetting, adhesion and so on. There are-two approximate ways of calculating
the dispersion force between two condensed bodies, viz. microscopic and macroscopic
approaches depending on whether the force between the bodies is obtained in terms of
their microscopic properties (such as atomic or molecular polarization) or macroscopic
properties (such as dielectric permittivity).. The origihal Hamaker’s approach starts
from the properties of individual molecules (microscopic method) and is based on the
assumption that the energy of interaction between two condensed bodies is made-up
of the sum of interaction energies between all the atoms. De Boer® and Hamaker®
carried out the summation procedure for geometries of interacting bodies. Hamaker
showed that the v.d.w. force is specified by a constant 4 called as Hamaker constant
which depends only on the nature of the materials involved. A great drawback of
this method is the assumed additivity of molecular interactions.

Lifshitz- and co-workers®® 'enunciated a theory for - the interaction between
condensed bodies-which invelves only the bulk material properties viz. the optical
properties of the interacting materials over the entire electromagnetic spectrum. This
is the physically most satisfactory approach for calculating the v.d.w. interactions.
As such, the equations derived by Lifshitz are rather difficult to deal with. However,
using approximation in the Lifshitz theory, Ninham? and others®9 have developed
a macroscopic theory which is easy to use.

In the present investigation, the macroscopic method of Ninham and Parseglan
is used to evaluate the Hamaker constants of alcohols. The Hamaker constants have
also been estimated from the microscopic method for making comparison. Further-
more, the Hamaker constants have been used to calculate the 1nterfa01al tens1ons at
the alcohol- mercury interfaces.

THE CALCULATING METHODS

Hamaker constants of alcohols
Microscopic procedure:
- In microscopic procedure, the magnitude of dispersion force of substance can be
expressed in terms of Hamaker constant, which is related to molecular properties by
the following equation:

A, =n*NiCyy, ’ ' S (1]

where the subscript 11 refers to the interaction in vacuum of two condensed bodies
of the same material 1. N is the number of atoms per unit volume and Cy; is the
London dispersion force pair interaction constant. Cj; can be evaluated from the
London equation which makes use of the polarizability .and fundamental electron
frequency vp: ' :
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C11=%“(2)1h1’0 ’ o ' : (2]

where ap is the static polarizability of atom 1. This equation is based on the single
oscillator model of Drude type, so the fluctuation of electron density of atoms in ground
state is considered to occur at a single frequency vy characteristic of the substance.
London suggested that Ay, term in Eq. [2] should be replaced by the 1onlzat10n po-
tentlal 1. Hence we have

3
C11=7fa§11 , £3]
where ag is related to the molar refraction Ry by the following equation:
= 3R, '
Qo1 = N, [4]

where N, is the Avogadro number. In our calculations R, was obtained from the
refractive equivalents!® corresponding to the sodium hne for different atoms present
in the molecule. ‘

Macroscopic procedure:

The non-retarded v.d.w. free energy G between two identical isotropic small
particles at a short distance of separation D in a free space is given by McLachlan!’ 12 ;

T ’ .
C=-—CD'161-— 626 Z/ a2(Gw,), - . . (5]
where -
Coi=6kT 3 a,2iw,). o : (6]
=0, 1.. ‘ '

Here, a(iw,) represents the polarizability of particle 1 as a function of imaginary
frequency iw,, where

0,=n(2tkT/R). ' [7]

The polarizability consists of three terms correspondmg to the respectlve contrlbutmn
from rotational, vibrational and clectronic frequenmes i.e. :

wGivy=arGo)rasioytato). (8]

Fowkes!® derived an expression for the v.d.w. interaction free energy between two
bodies by summation of pair potential and is glven as :

_ .G=—1.2nN,2C/2D?. ‘ L 9]
Substituting Eq. [6] into Eq. [9] we get ‘
G=—(3.6rkT/D?) ilf NiagGio).. - .. [10]
7=0,1., P . o

. According to the classical electro-magnetic theory,. the volume . polarizability
Ma(iw,) in vacuum is related to the dielectric permittivity ;(iw,) of the material by
the. following equation. 14 :
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N B ) )—-1] ,
Nyt (i) = [_81 Gan—t|. [11]
Substituting Eq. [11] into Eq. [10] we get
__36kT &, [al(iw,,)—lilz 12
T 4nD? 54 L e Go)+1 ] [12]
It follows from Eq. [12] that
__36ET [ &(0)—1 ]2
Greo= 8z D? |:81(0)—|-1 ’ : e (18]
where ¢(0) is the static dielectric constant. . Comparing Eqgs. [1] and [9] we obtain
_ 124
G= o D?’ ] T [14]
where
__ 124, '
Gueo= “onD? ‘ | [15]
and
1.24, :
Guso=— __27L'D_2i . [16] )
Combining Egs. [13] and [15] we get
_3kT sl(O)—l]Z |
o= S@QL T [17]

For non-zero frequency term the summation in Eqv. [5] necessitates the evaluation
of a1(tw,) at the discrete frequencies given by Eq. [7]. As can be explained by Eq.
[22], in general the major magnitude of Nay(iw,) comes from the electronic contri-
bution z.e. dispersion contribution. Using dnz—Qﬂ—dea; vand» replacing the sum-
mation in Eq. [12] by integration we get

' __ 368 ([ g@ow,)-—1 ]2 ‘
Cuzo= 8n2D? S,,,l [el(iw,,)-H do. : (18]
At zero temperature, o; is also zero so that
. 36k ("[e(in)—1 T
Cr>0=~gpipe So [sl(iw,,)—}—l do. [19].

Eq. [19] is also true even at finite temperature provided the contributions from the
frequencies below o; are very small. Comparing Egs. [16] and [19] we obtain
_3h [Tato-LT, S
Ay =30 SO [51 (a1 [ do. [20]
This expression involves the dielectric permittivity as a function of the imaginary
frequency in radian/second. ‘In order to use the above expression for making quanti-

tative calculations a convenient representation of the dielectric permittivity is essential.
The dielectric permittivity is exactly expressed by the Kramers-Kronig equation, but
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as shown by Ninham and Parsegian?151 the following equation is used to a good
approximation

¢;

o Cro o
e(;w,,)—l%—;1‘+(%;>+§1+(%>2- o ,\[21]

This equation holds good for frequencies up to the u.v. region. The second term
of the right hand side of Eq. [21] is due to the Debye rotational relaxation coming from
the rotation of permanent dipoles in the microwave region. The third term denotes
the contributions of vibrational and electronic absorption in the i.r. and u.v. regions:
this term gives rise to the London dispersion interaction.. In Eq. [21] e, is a relax-
ation frequency associated with the rotation of dipoles, and o, is associated with elec-
tronic and vibrational frequencies. These may be obtained from various spectroscopic
data and the constants C,,, and C; are obtained from the experimental dielectric data.

Splitting the i.r. and u.v. contributions in Eq. [21] we have

“(i0,)=1+ 3] 1+Ez"—)+§1+€%>2+§1+<c§i>2‘ [22]

Wrot Duy

Since wy, > w;, > w4, the major contribution to ¢(iw,) comes from the w.v. region when
n>0, so that ' ' '
y —_ Cuv .
"1+(52)
’ Dyy '

where C,, in Eq. [23] is approximated to n2—1, and = is the refractive index of the
material in visible region.’® Hence we may rewrite Eq. [23] as

. ‘ - L
| s(iw,,)=1+§,1—”ml—z-. [24]
’ +<wuv>
For one term dispersion in the u.v. région, Eq. [24] takes the form

Substituting Eq. [25] into Eq. [20] and bintegrating_using the definite integral

= d 7 .
So (az_f_’;Z)z = 4as ‘ ’ ' [26]

we arrive at

3ho,,(n2—1)? | o ‘
An>0’“16\/‘2—(n2+1)3[2 . . ) [27:|
Eq. [27] together with Eq. [17] gives the total magnitude-of 'tvh'ie-, Hamaker constant.
te. A=d,=0+4.5. Eq.[27] is an approximate expression valid for media, which
follows one term dispersion formula with the peak at @,, in the u.v. region. '
For metals, Eq. [21] takes the limiting form between far w.v. and soft X-ray
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regions'®) as

2 ’ .
e(iv,)=1+ 4”10";32 —1+<%L>, | [28]

where ¢, m, and N are the charge, effective mass and density of electron and e, is the
plasma frequency defined by

® 2 477N82

» m

e

The relation between the Hamaker constant and interfacial tension:

The dispersion force interaction energy G¢ between two identical bodies e.g.
non-polar hydrocarbons consists of a temperature dependent (entropic) term GZ.g4
and a temperature independent term G,>¢ and is related to the work of cohesion by

Gd_Gn 0+Gn>0__ZT s ‘ ’ ' ‘ [29]

where y¢ is the dispersion component of surface energy. Comblmng Eqs [29] and
[14] we get _ ‘ » » »
1.24¢ ' L - '
=TT | [30]
where 4% is the dispersion force contribution to the total Hamaker constant. It
follows from Eq. [30] that it is possible to calculate y¢ by knowing the values of 4¢
and D.. Further, Fowkes!” proposed an expression for the interfacial tension y;; be-
tween two immiscible non-polar liquids 1, 2 in terms of the surface tension (energy)
and y%: : : A
T12=71+72— 21147, S _ [31]

where y; and y; are the surface tensions of two individual liquids and y;¢ and y,* are
the dispersion force contribution to the surface energy of liquids 1 and 2, respectively.
If we use this equation for the calculation of interfacial tension between alcohol and
mercury, higher values are obtained. This is explained by the fact that in- deriving
Eq. [31] it was assumed that the intermolecular attraction at the alcohol-mercury
interface is only due to the London dispersion force. - If one of the bodies was polar
and had a permanent dipole as in the case of alc,ohdlfmefcury interface, Eq. [31]
is always not true because other forces act at the interface in addition to the dispersion
force. In such system we should account for the permanent dipole contribution of
alcohol..- Hence Eq. [31] for alcohol-mercury system is modified as '

Tam=7a+Tu—207a " =207, [32]
where the subscripts 4 and M refer to alcohol and mercury, respectively, and 7,7¢ is
the permanent dipole contribution to the surface energy of alcohol which is given by

pd = 2o L S 33
» Ta D . | [33]
Here o » - ‘
Ap = A A2, . [34]
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Thus knowing the surface tensions, y¢ and 7,* we can predict the value of interfacial
tension between alcohol and rnercury Now the problem is to calculate y,#¢. This
is accomplished as follows.
In case of one frequency absorptioneach for w,q; @, and w,, Eq. [22] takes the

form - e o o ‘ : : :

Crot Cw 2+ C . E35:I
1+(on) 1+< )1+ (pn ) |
) : Orot OF Dyy
Let the second, third and fourth terms of Eq. [35] be denoted as ¢, (tw,), &, ({0,) and
cus(iw,), respectively, so that Eq. [35] can be rewritten as

e(ia)u) =1 + arot(iwn) + eir(iwn) + 8,“,(1'60,1) . [36j
Substituting Eq. [36] into Eq. [11] we have ‘

— Erot(lwn)+8zr(lwn)+8uv(Lwn) }
Nlal(lwn) 27[ |:2+Er0t(lwn)+8:r(Lwﬂ)+8m/(lwn)

=N,a;”(iv,)+ Nia, " (io,) + Nia;* (io,) . [37]

“e(io,) =1

The rotational frequency contribution (permanent dipole) only, to the volume polari-
zability i.e. Niay?¢(iw,) is given by
1 grot(iw,,) S
Meatiny =i 5 alio, l
Sty (i ”) 27 | 2 ¥ ero(i,) 8, (i, )+s,,,,(zw,,) , [38]

Substltutmc Eq.-{38] into Eq. [10] we obtain the" permanent dipole contribution
to the interaction free energy- :

i 36KT &, eo(iw)T
pd — 7/ rot 7
¢ TxD” [1-|-—e(iw'_"n)' S [39]

Hence G?¢ at n=0 is given by

ra — _36ET [ erot(0) ]2 -
Cito=—"gr 2 [ T+¢(0) [40]
Combining Egs. [40] and [15] we get
- .3 [ €rot(0) ]Z
Azd kT T+s(0) |- [417]

Replacing the summation in Eq. [39] by integration and using zero temperature
approximation we obtain

»e _ __ 3.6R S [erot(iwn)]
Grso= 8x2D? 1+e(io,) do. [42]
Comparlson of Egs. [42] and [16] leads to '
34 ( Erot(lwn>] . . ' .
428,= Mg E o) ['do. [43]

- Since ¢(tw,) >>sm(zw,,), Aty > AzL,, so that y22¢4>y2¢,. Hence from Eq. [34] it follows
that A2¢, may be taken as 47¢. With the knowledge of 4#¢ and D it is thus possible
to estimate the value of 7,74 (Eq. [33]) which is required in evaluating the interfacial
tension.
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EXPERIMENTAL

Surface tensions of alcohols. were obtained from the-Handbook of Chemistry and
Physics.1?  Interfacial tension between alcohol and mercury was determined by the
drop volume method. Alcohols viz. methanol, ethanol, n-propanol, n-butanol, iso-
butanol, sec-butanol and n-pentanol used for the measurement of interfacial tensions
were of guaranteed rcageht grade. The weight of fixed number of drops of mercury
which were slowly detached from the tip of a vertical capillary tube into alcohdl is
determined, from which the average weight and hence the volume per drop was
calculated. The interfacial tension y,,, was calculated by using the Harkins-Brown
formulal8 19 :

TAIMZ—V( dMZ;TdA) 2 > ‘ [44]
where V is the drop volurhe, dy and d, are densities of mercury and alcohol respec-
tively, r the radius of capillary tip, and g the acceleration due to gravity. F is the
Harkins-Brown correction factor and is a function of r/V1/3, Taking ethyl alcohol
as a reference alcohol and using the literature value of y,,, between ethyl alcohol and
mercury,'”) the parameter FJr was decided. The same value of Ffr (=750) was used
for the calculations of y,, between other alcohols and mercury.” The tip of the capil-
lary was made hydrophobic by treating with 10%, solution of dimethyldichlorosilane
in toluene for ensuring wetting of capillary tip by alcohols.. . The sensitivity of balance
use for measuring the weight of mercury drops was 41 mg. Thus the accuracy in
measurement of interfacial tension was about -8 dyne/cm. :The experiments were
carried out at 204-0.3°C. - ’

CALCULATIONS, RESULTS AND DISCUSSION

Hamaker constant:

In macroscopic approach the Hamaker constant between two identical alcohols
in vacuum was calculated by Eqgs. [17] and [27]. The wvalues of ¢(0) and @,, were
obtained from the literature.1120  Alcohols exhibit the first characteristic absorption
peak around w,,=1.6x 10 rad/sec. For methanol and ethanol the first peak is
predominant. But for other alcohols contribution from the successive peak become
important. A peak corresponding to the maximum absorption was generally used in
our calculation. When there were two predominant peaks, the root mean square was
taken for obtaining one term w,, value. '

The Hamaker constants so obtained are summarized in Table I together with
other parameters used in the calculations. The Hamaker constants calculated using
Eq. [1] (microscopic approach) is also shown in Table I, and were in reasonable
agreement with those obtained from the macroscopic ‘method, indicating -that the
intervening effect is negligible in-case of these alcohols. The term 4,-in the Hamaker
constant of macroescopic method is basically entropic, for it-includes the thermal energy
kT. Employing the macroscopic method, Ninham and Parsegian!®.20) estimated the
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Table I. Hamaker Constatits ‘and Related Data ‘at 20°C

\‘\\, »Compounds o o iso- sece
Parameters —— MeOH EtOH PrOH BuOH BuOH BuOH PentOH Water

¢(0) ' 336 257 218 178 187 155 158  80.0

Cv—n—l 0.7657 0.8526 0.9182 0.9581 0.9430 0.9471 0.9884 0.78*

ww(xlO‘Grad/s) 1.6667 1.8080 1.7350 1.8125 1.9994 1.9371 1.8566 1.906%

Macroscopic  Ay>o  2.97 3.81 4.10 4.57 4.92 480 491 4.48
(X107 erg) A, 027 0.26 0.25 0.24 0.24 0.23 0.24 0.29

4 324 407 435 481 516 503 515  4.77
Microscopic 4 ‘ 3.28-
(% 10712 erg) 3.06 3.91 4.24 473 5.1 5.04 5.15 6.40

* Cpp=3.4
# @4=5.666x 10 radjs.

Hamaker constants of hydrocarbon-watér system and indicatéd that A4, terms for
those materials consist of 90%, entropic contribution. Assuming the same entropy
contribution in 4, ., term for alcohol it is found that about 5-109, of the total Hamaker
constant is due to the entropic contribution. However, the major share to the con-
stant comes from the non-zero frequency term which is enthalpic and of dispersion
contribution. . .

Interfacial tension: :

The knowledge of the Hamaker constant provides the possibility of applying it
to predict the interfacial tension (energy) of the alcohol-mercury interface. The inter-
facial tension was calculated using Eq. [32]. The surface energies y, and 7, are taken
from the referencel® as there is no defined way to estimate theoretically the respective
contribution to the surface energy from chemical and metallic bonds except the v.d.w.
contribution. The v.d.w. surfice energy of metals may be calculated from Eq. [30]
which makes use of 4¢ and D. The Hamaker constant of mercury may be calculated
by employing Eqs. [12], [14] and [28]. But the application of Eq. [28] is imperfect
because of the hecessity to consider contributions from interband transitions and
collective oscillations.?2 Hence the experimental value of ¢5% (200 erg/cm?) obtained
from the contact angle measurement!” is used in the present estirnation of interfacial
tension. v _

The £(0) value of alcohols decreases with increase in frequency and beyond the
relaxation frequency it reaches a very small value in the m.w. region. The difference
between these two values of diélectric constants gives the measure of Ci,. These
values, for different alcohols were obtained from the literature.2d It follows from
Eqs. [35] and [36] that at zero frequency é,,;(0)==Ciq,. ‘ :

We need the value of separation D for calculating y,2¢ and y,% This value is
model dependent. In the present caleulations molecules were treated as sphere of
diameter D, packed closely in a rhomboidal dodecahedron so that the volume occupied

by

’(3)



M. MaTtsumoro, A. G. GAONKAR, and T. TAKENAKA

by the sphere is /342 of the total volume.?
Hence ‘

Tps_ T , M

32 N,d,’ .
where M is the molecular weight, N, the Avogadro number and d, the density. The
diameter D obtained from the above equation was equated to the centre to centre
separation, The values of y2¢, are calculated by using Eqs. [33] and [41]. The
knowledge of A2Z, also gives the contribution of the dispersion force in 4, term,
t.e. A2_, of alcohols:

A=Ay — AL,
Thus the total dispersion Hamaker constant for alcohols is written as
Al=A2_ + Als, .

The evaluation of 7, is accomplished from A4¢ and D. :The value of y,#¢ and
74% thus determined are shown in Table II, and it is found that the dominant con-
tribution to the surface energy of alcohols comes from 7,2 The knowledge of these
two_contributions also leads to the possibility of calculating the Debye contribution
to the surface energy of alcohols from the root mean square values of y,% and y e,

Table II. Calculated and Experimental Values of Interfacial Tensions and Related
Parameters at 20°C

Compounds .
n- n- iso- sec-

n-
Parameters\ MeOH EtOH PrOH BuOH BuOH BuOH PentOH

D (A) 4.56 5.15 5.60 5.99 5.97 5.99 6.33
Croc* 28.2 20.6 17.3 14.7 155 120 . 119
Oror (X 10° radfs)*  17.125  6.9767 1.8867 1.7605 1.2642  2.0255  1.3953
422, (X 10713 erg) 0.20 0.18 0.18 0.19 0.19 0.16 0.15
74P (erglem?) 092 0.65 0.53 0.49 0.50 0.43 0.36
Ag_y (x 10713 erg) 0.07 0.08 0.07 0.05 0.05 0.07 0.09
A% (x 1013 érg) 304  3.89 417 462 4.97 4.87 5.00
74 (ergfem?) 13.96 1401 1270 1230 - 13.32° 1296  11.92
74 (erglem®)® 226 - 227 23.8 24.6 23.0 23.0 25.7
7eked (dynejem) 374 378 386 390 38¢ 387 395
yeERtt- (dynefcm) 36748 38748 39248 3908 40048 37648 39548

* P. C. Brot M. Magat, and L. Reinisch, Kolloid-Z., 134, 101 (1953).
# “Handbook of Chemistry and Physics”, C.R.C. Press, 53rd Ed.
ra=484erg/cm?®; 7,%=200 erg/cm?

Substituting the values of y,, 7, 74% 7% and y,#% in Eq. [32] we arrive at the
semi-theoretical values of interfacial tension between the alcohol-mercury int'erface.
The interfacial tension with the related parameters used here has been also tabulated
in Table IT along. with the experimentally obtained interfacial tensions. It can be
seen in Table II that the calculated interfacial tensions agree closely with the experi-
Jnental values within the experimental error, indicating that the estimated Hamaker
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constants are reasonable. This agreement also leads to the conclusion that the inter-
action at the alcohol-mercury interface consists mainly of the dispersion and Debye
forces, and that the interaction due to other forces is negligible.
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