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Determination of van der Waals forces in monolayer films of lipids & biopolymers. 
Equation of state for two-dimensional films 
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Abstract: Amphiphile molecules are characterized by the dual property arising 
from the interactions between the apolar [alkyl] and the polar part and the 
surrounding solvent, i.e., water. In assemblies which amphiphiles form in 
diverse systems, e.g., micelles, soap bubbles, monolayers or bilayers at inter- 
faces, the attractive forces are attributed to the van der Waals forces. It is not 
easy to estimate the magnitude of van der Waals forces in some of these systems 
by any direct method. 

The magnitude of van der Waals forces in spread monolayers of lipids and 
biopolymers has been reported to be estimated from experimental data. The 
magnitude of these forces has been estimated by using an equation of state of 
a very general form, as delineated herein. In the current literature no such 
attempt has been reported in the analyses of these monolayers spread on 
aqueous surfaces. These analyses suggest that the predominant surface forces 
arise from van der Waals interactions, if the magnitude of electrostatic charge 
repulsions is weak. The equation-of-state as derived indicates that it is useful in 
providing information about the molecular interaction in monolayers, for both 
lipids and biopolymers. 
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Introduction 

Amphiphile molecules (e.g., lipids and bio- 
polymers) adsorb at interfaces (air/water; liquid/ 
liquid; solid/liquid) through various forces, e.g., 
van der Waals and electrostatic forces. Since van 
der Waals forces are involved whenever bodies 
come into close proximity, one can expect to get 
information on the forces from a variety of 
phenomena dealing with colloid stability and bio- 
physical systems (monolayers, bilayers, and bi- 
lipid membranes). 

Monomolecular films oflipids and biopolymers 
are found to provide much useful information 
about the forces which stabilize the more complic- 
ated systems such as: solid-liquid suspensions, 
emulsions and the biological membranes. In these 
structures, we find assemblies of molecules which 
pack and thus interact through various kinds of 
forces [8, 7, 4], found to be proportional to vari- 

ous parameters, such as distance between molecu- 
les, apolar and polar parts. The estimation of the 
various forces is possible by using the monolayer 
method. The main advantage in the monolayer 
method arises from the fact that the distance be- 
tween molecules can be estimated very exactly 
from the area per molecule. This model mem- 
brane has been found to provide direct informa- 
tion on the estimation of the van der Waals forces 
and the electrostatic interactions [7,4,5]. The 
purpose of this study is to report the analyses of 
amphiphiles, e.g., retinal and various biopolymer 
monolayers (e.g., proteins (hemoglobin, BSA, 
ovalbumin), gelatin (bloom 0-30-70-240) and 
mixtures), by using the equation-of-state which 
specifically has been found to provide information 
on the van der Waals forces [4, 5]. This is in 
continuation with our earlier analyses of lipid 
monolayers using a similar equation-of-state 
[4 & 5]. 
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Experimental 

The aqueous solutions of various proteins were 
spread on a clean surface of buffer of pH = 7.4 
(Millipore treated water was used) by means of 
a micrometer syringe. The lipids were spread from 
their chloroform solutions. Surface pressure (70 vs. 
area isotherms were obtained by the Wilhelmy 
plate (platinum) method. The sensitivity of the 
surface pressure was + 0.001 m N / m  (dyne/cm), as 
described by us elsewhere [3, 4, 5]. The monolayer 
was compressed from 600 cm 2 to 100 cm 2. At 
least three experiments were performed for each 
temperature, and data used are where isotherms 
showed minimum differences in reproducibility. 
The temperature was monitored by thermostat  
control by circulating water through the trough. 
The variation in temperature of the subphase 
was _+0.1 ~ 

Results and discussion 

Theory: As described in detail elsewhere, the 
measured monolayer  surface pressure (70 vs. area 
(per molecule, A) generally exhibits a typical 
shape as shown in Fig. 1 [1,4]. The difference 
between measured isotherm and the ideal film can 
be described as follows. 

In the analyses of the measured surface pres- 
sure, re, we will assume it to be composed of 
various interfacial forces [1, 7, 4], e.g., kinetic, van 
der Waals, and electrostatic charge repulsion: 

7l: = TCkineti c -F Tgva n d e r  Waals -F TCelectrostati c �9 (1) 

It has been mentioned elsewhere that van der 
Waals force of attraction gives rise to a lower 
rc values than expected in ideal films. On the other 
hand, the electrostatic charge repulsion gives rise 
to an increase in re, thus giving expanded films 
[1, 4]. It is well known that van der Waals forces 
are short-range interactions, while electrostatic 
forces are long-range interactions. In the present 
study, we will only report systems where the van 
der Waals forces are predominant,  as it will be 
assumed that either the electrostatic charges are 
absent (as is the case in neutral films), or that these 
are negligible in comparison to the van der Waals. 
These considerations have been previously 
treated, especially in the case of differences in the 
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Fig. 1. Typical surface pressure (~) vs. area per molecule (A) 
isotherm (schematic). The ideal film where ~rA = kT-- 400 
(at T = 298 ~ is also shown for comparison. 

magnitudes of van der Waats and electrostatic 
forces as a function of area/molecule. 

In ideal films where only kinetic forces are pres- 
ent, rc = rCk~,~c, we thus get the equation of state 
for the ideal two-dimensional films: 

~ A  = k T  = 7~kineticA (2 )  

= 411 (when A = t 0  - 1 6  cm 2 

= 100 nm 2, T = 298/K),  

where k [ = 1.38 x 10-163 is the Boltzmann con- 
stant and T is the temperature. However, if other 
forces are also present (as given in Eq. (1)), then 
deviations from Eq. (2) are observed (see Fig. 1). 
In the case of neutral lipid films, it is reasonable to 
accept that the term arising from electrostatic 
interactions will be negligible (zc~ = ca. 0), and 
that in real films we will have both kinetic and van 
der Waals interactions. This difference is seen in 
Fig. 1, such that the measured rc of a film is lower 
than the ideal re, when the magnitude of A is large. 
The correction arises from the attraction between 
the molecules, which gives rise to lower re. 

Under  these conditions we can re-write the 
equation of state in the form [7,4, 5]: 

- for  neutratfi lms or with poorly charged fiIms: 

Ire + 7Zvdw] [A -- A0] = k T ,  (3) 

where 7Zvaw arises from the van der Waals attrac- 
tion forces, and Ao is the co-area correction, as 
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determined from the rc vs. A isotherms. The mag- 
nitude of A0 was estimated from the inflexion 
point in the rc vs. A isotherm, Fig. 1, the so-called 
collapse state. The magnitude of rCvdw was estim- 
ated from the measured data of isotherms 
(Eq. (3)). The van der Waals forces have been 
reported to be dependent on the distance, D, 
[rCvdw ~ 1/D s] between molecules [10, 9, 2, 4, 5]. 
Assuming hexagonal packing in the monolayer, 
we have shown, in the case of lipid films, that the 
magnitude of nvdw will be dependent on area 
[-,-~ 1/A2S]. The values of rCvaw were calculated 
and the dependence on 1/A 2s was determined. 

In a recent study [-11] the relation in Eq. (3) was 
compared with five other models. This analysis 
indicated that the present theoretical model was 
reasonably acceptable in fitting the measured sur- 
face pressure vs area isotherms for some 500 data 
points of 18 different lipids. 

In the relationship as given in the Eq. (3), the 
magnitude of Ao has been found to have a very 
significant effect. This is also known from the 
three-dimensional equation of state in the case of 
gases. However, in gases the molecules move 
about in vacuum space, while in monolayers at 
liquid interfaces these interact with the surround- 
ing medium (water). The magnitude of Ao has 
been a subject of much discussion in the literature 
I-1, 7,4, 5]. We have already reported, in the case 
of lipid films, that there are two sets ofmonolayers 
where Ao differs as follows when applying Eq. (3) 
(to both lipid and biopolymer monolayers): 

(1) where A0 = Acol,  and ~vdw varies linearly 
with 1/A 2s [for example fatty acids; gelatin] 

(2) where Aor (e.g., retinal [5], proteins 
(hemoglobin, BSA, ovalbumin), and mixed mono- 
layers of proteins + gelatin (gelatin with bloom 
0, 30, 70, 240)). We will argue that these are mono- 
layer systems where the water molecules in the 
subphase are situated in a different configuration, 
and thus will require a correction for Ao = Ar 
q~h. Our data suggests that the correction factor, 
~bh, arising from hydration will be related to some 
geometrical (fractal) dimension. All the data in- 
vestigated, however, indicate the value qSh = 2/3 
(or fractal dimension of ~ 0.6), both for lipids and 
biopolymers. These data convincingly showed 
that the assumptions as made in deriving the 
equation-of-state above are correct. In the case of 
retinal monolayers [5], it was further found that 

the magnitude of qSh was independent of temper- 
ature. 

Typical data for a series of monolayer mixtures 
(hemoglobin + gelatin) are given in Figs. 2, 3 
and 4: 

- Fig. 2: Surface pressure (re) vs. area (A) iso- 
therms of mixtures of hemoglobin - gelatin (0 
- bloom). 

- F i g .  3: Variation of calculated re,oh with 
1/A 2"~, from Eq. (3), with q~h = ca. 2/3. Similar 
data were obtained for mixtures of hemoglo- 
bin + gelatin (bloom: 0, 30, 70, 240), BSA + gela- 
tin and ovalbumin + gelatin. 

- Fig. 4: Variation of avaw with composition of 
the (a) hemoglobin + gelatin; similar data was 
obtained for BSA + gelatin mixtures (for different 
bloom). The magnitude of avow is dependent on 
the bloom number. 

These analyses give the most general equation 
of state for the two-dimensional neutral films of 
lipids or biopolymers as: 

[-7c + (C 1 + avdw/A2"5)]  [A - Acolq~h] = k r ,  
(4) 

where rC~dw = C1 (constant) + avdw/A 2"s, as found 
from experiments, and avdw is the van der Waals 
constant, and the magnitude of ~bh will be equal to 
1 or 2/3, depending on the system (i.e., degree of 
hydration of the polar group in the monolayer). It 
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Fig. 2. Surface pressure (~) vs. area per molecule (monomeric 
amino acid unit = 110 molecular weight) (A) isotherms of 
different biopolymer films: hemoglobin: gelatin (0 bloom). 
Hemoglobin: gelatin ratio, 1 = 1:0; 2 = 1:0.25; 3 = 1:0.5; 
4 =  1:0.75; 5 = 0 : 1  (25 ~ pH = 7.4). 
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Fig. 3. V a r i a t i o n  of  surface p ressure  ( =  7Zcoh) wi th  1/A 25 for mix tu re s  of h e m o g l o b i n  a n d  gelat in:  a) h e m o g l o b i n ;  b) 
h e m o g l o b i n  + ge la t in -240  (1 : 1). 
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Fig. 4. V a r i a t i o n  of a,aw wi th  the  com pos i t i on :  h e m o g l o -  
b in  + ge la t in-0  ( ~ ) ;  - 30 (11); - 70 (&);  - 240 ( + ). 

has been found that both in the case of lipid and 
biopolymer monolayers, if the plot of TCvd w VS. 
1/A 2"s is not linear when qSh = 1, then by using 
@11 = 2/3 one gets a linear dependent, as expected 
from Eq. (4). The magnitude of avaw is reported to 
be related to the number of carbon atoms in the 
alkyl group and the Hamaker constant [1, 43. The 
magnitude of @h is found to be the same in both 
lipids and biopolymers. This indicates the fractal 
nature of packing of the solvent (water) molecules 
surrounding the polar groups. The magnitude 2/3 
corresponds to the fractal dimension arising from 
the hydration water molecuIes [6]. 

From the above analysis it is found that the 
magnitude of avdw varies as follows: 

- Gelatin: a,aw varies with bloom number. 

Hemoglobin + Gelatin: avdw varies with mix- 
ture composition. 

C o n c l u s i o n s  

The equation-of-state as derived above is found 
to fit most of the lipid and biopolymer monolayer 
isotherms. The effect of charges (if present) has 
been neglected. However, further studies are in 
progress in order to determine this aspect. The 
variation of van der Waals coefficient, avaw, with 
different parameters is found to correlate with the 
physical properties of the monolayer molecules, as 
determined from the area/molecule. A more the- 
oretical treatment of the magnitude of avaw will be 
the subject of subsequent reports. 

It is thus concluded that by using a very general 
form of equation-of-state for monolayers, the 
monolayer compression isotherms can be ana- 
lyzed, which provides information on the van der 
Waals forces. These forces are of much import- 
ance since monolayers are known to be useful 
model systems for various complicated systems 
(e.g., soap bubbles, micelles, emulsions, micro- 
emulsions, vesicles, membranes). 
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