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CHAPTER 1 

INTRODUCTION 

This thesis describes a study of the behaviour of surfactants at liquid

air (and liquid-liquid) interfaces. Surfactant molecules consist of a 

hydrophilic and a hydrophobic part (see Fig. 1.1): at the water-air 

interface, they are oriented so that the hydrophilic part is in thè 

water and the hydrophobic part in the air. 
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Fig. J. 1 

a: Structural formula for a surf actant molecule (phosphatidyl 

choline). The two tails (T) are the hydrophobic part of the 

molecule and the head group (H) is the hydrophilic part. 

b: A schematic representation. 

c: Monolayer at an air-water interface. 

The layer formed at an air-water interface is one molecule thick and 

is called a monolayer. This monolayer plays an important part in many 

technological processes (foaming, emulsification) as well as in biological 

processes. The presence of a monolayer greatly influences surface 

properties, e.g., the surface tension and surface elasticity. The 

research concerning surf ace properties of monolayer-covered liquid-gas 

interfaces was initiated by Langmuir (Gaines 1966). An important step 

"forward was the introduction of the Wilhelmy plate technique to measure 

surface tension, The combination of the Langmuir trough with a Wilhelmy · 

plate is still widely used (Gaines 1966, Watkins 1968, Standish and 

Pethica 1968, Snik et al. 1978, Wildeboer-Venema 1978, Snik et al. 1979, 

Egberts et al. 1981). 



In this tne~b,od, use .is made of a vessel (trough) filled with water on 

using volatile spreading solvents. 

the surface and the solvent evaporates, 

!!: mq~glàyer at the surface. By means of a movable harrier placed 

the concentration of surfactant molecules can be changed 

in such arrangements, the surface tension is measured 

as a function of this concentration. 

Fig. !. 2 

Langmuir trough: M is the monolayer-covered 

water surface, B the movable barrier. 

In our laboratory, this type of experiment, initiated by ir. A.J. Kruger, 

was started in cooperation with drs. F.N. Wildeboer-Venema, prof. dr. 

F. Kreuzer (both University of Nijmegen) and dr. J. Egberts (University 

of Leiden), whilst chemical support was obtained from dr. R.A. Demel 

(University of Utrecht). 

This cooperation was sought to contribute to the study of lung surfactants, 

which cover the alveolar walls of the lung (see chapter 4). 

In this collaboration, our laboratory concentrated on the measuring 

techniques; valuable support was obtained from prof. dr. P. Joos, 

University of Antwerpen, and dr. M. van den Tempel, dr. F. van Voorst 

Vader and dr. J.A. de Feyter, collaborators from Unilever Laboratory 

at Vlaardingen. They were interested in monolayers because of their 

technolgical applications. Same of the techniques developed at the 

Unilever Research Laboratory have been adapted for the study of lung 

surfactant and other biologica! interfaces (see chapter 2-5). 
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CHAPTER 2 

SURFACE DILATATION MEASUREMENTS 

2.1 Genera! introduction 

This chapter deals with the rheology of monolayer-covered liquid-gas 

interfaces. An important difference between the rheology of such two

dimensional systems (interfaces) and the rheology of three-dimensional 

systems is that deformation of the interface involves motion of bodies 

not belonging to the system, namely, the liquid below the surface 

(Lucassen-Reynders and Lucassen 1969, van den Tempel 1977) as well 

as the air above. 

Two types of surface deformation have to be distinguished: 

i (surface) dilatation which concernes a change in area of the surface 

without change of its shape. 

ii (surface) shear which represents a change in shape of the surface 

without change of its area. (see Fig. 2.1). 

,-----, 
1 

dilatation 1 1 
1 1 
1 1 
l_ __ _J 

D( 
A shear 

Fig. 2.1 

Deformation of a uniform surface element A 

under dilatation and shear. 

The surface dilatational modulus E is defined as the quotient of the 

change of surface tension (aa) and the relative change (aA) of the area 

(A) of the uniform surface element (Lucassen-Reynders and Lucassen 1969, 

van den Tempel 1977): 

(2. 1) 
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If relaxation processes occur, the surface will not behave as a purely 

elastic body and Eq. 2.1 can be replaced by 

(2.2) 

where Ed is called the surface dilatational elasticity and nd the 

surface dilatational viscosity. In case of harmonie dilatation Eq. 2.2 

can be written as 

aa • (2.3) 

where lel is also called the dilatational modulus and$€ the dilatational 

loss angle. 

The (surf ace) shear modulus is defined as 

a 
s 

µ=~ (2.4) 

where a is the angular displacement, as the shearing stress. In analogy 

to Eq. 2.3, for harmonie shear, we deal with relaxation processes by 

using 

Hs 
a • (µ + jwn ) tan ex = 1 ~ e tan a. s s s 

(2.5) 

where llll is the shear modulus, $ the shear loss angle, n the (surface) 
s s 

shear viscosity, µ the (surface) shear elasticity. 
s 

Rheological properties of liquid-gas and liquid-liquid interfaces are of 

great importance in processes where the interface is moving or deformed. 

In the field of biophysics 1 these properties are of interest in the 

study of, e.g •• lung surfactant because lung surfactant plays an important 

part in the dynamic processes that accompany respiration (see chapter 4). 

Also, in cell membrane research, the rheological properties are studied, 

e.g., in the study of deforming erythrocytes (Vassilev et al. 1981, 

Steinchen et al. 1982) and óf the conduction of signals in nerv'ie fibers 

(see chapter 5). Technological processes in which they play an important 

part include foaming and emulsification (Ivanov et al. 1974) and the 

displacement of residual oil from porous rocks (Slattery 1974). 



The shear properties will be considered in chapter 3. 

For the study of dilatation properties, we had to choose between the 

laser light scattering technique (Härd and Neuman 1981) and the 

longitudinal wave technique (Lucassen 1968, Lucassen et al. 1972a, 

1972b, 1972c, Lucassen-Reynders and Lucassen 1969, Joos 1973, Maru and 

Wasan 1979, Crone et al. 1980, Snik et al. 1982d): the laser light 

scattering technique is based on the presence of well-defined thermal 

a~itated capillary waves at the interface. The propagation of these 

waves, which depends on rheological properties, can be measured then. 

The main advantage of this technique is that the amplitudes of the 

waves are so small that non-linearities can be excluded. A disadvantage 

is that shear and dilatational properties cannot be mathematically 

separated from the experimental results. In addition, the·frequencies 

of the waves lie between 7 and 16 kHz, whereas we were interested in 

the range of frequencies from 0.1 to 1 Hz (according to the frequency 

of the respiration process). In the longitudinal wave technique, waves 

are generated in the plane of the interface by an oscillating barrier. 

Under certain conditions, the propagation of the wave can be shown to 

depend only on dilatation parameters. The main advantage of this 

technique is that the frequency of the wave could be selected; however, 

it had to be checked for each experiment whether the amplitude of the 

wave was small enough to allow a linear description. The standard 

de~ection method in the longitudinal wave technique is the Wilhelmy 

plate method, measuring surface tension as a function of time. An 

additional method is developed in our laboratory, namely the tracer 

particle method, in order to obtain more detailed information. 

In wave propagation one has always to do with two physical quantities 

depending on time and position. For the longitudinal waves, these 

quantities are the surface tension and the surface velocity (velocity 

of fictitious particles in the interface). This is very similar to 

pressure and particle velocity in sound waves. When very small tracer 

particles are placed on the surface,the motion of the monolayer could 

be visualized from which dilatational properties are calculated. 

2.2.The longitudinal wave technique, theory 

2.2.1 ~~~~!~1-~g~~!!~~~ 
We shall base our theoretica! description on experiments in which a 

monolayer has been spread on a water-filled narrow rectangular trough. 
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The equilibrium surface tension is ae. The x-axis is chosen along the 

length of the trough; the z~axis is chosen vertical such that the plane 

at z=O coincides with the surface. The surface area can be varied by 

means of an oscillating harrier located at x=O (see Fig. 2.2). 

1 

4-1+ 

~,~~w 

Fig. 2.2 

1 
1 

X= Ü 

1 
1 

X=L 

Langmuir trough with oscillating harrier at x=O. 

M is the monolayer-covered air-water interface. 

These variations generate monochromatic longitudinal surface waves 

(assuming that influence of the side walls is negligible). In order to 

derive the dispersion equation for the longitudinal wave relating the 

elasticity modulus to the wave number, it has been shown (Lucas,sen-Reynders 

and Lucassen 1969) that only the liquid velocity parallel to the surface 

bas to be considered. From the hydrodynamic wave theory (Navier-Stokes), 

we know that the liquid velocity for monochromatic waves is given by 

(Lucassen-Reynders and Lucassen 1969) 

where v
0 

is the amplitude at x=O, z=O, 

m = (J + ') (wp ) i 
J l:2n' 

(2.6) 

(2. 7) 

iri which n' is the viscosity of water. p its density; k is related to the 

real wave number K and the wave damping coefficient 6 by 

K - j6 (2.8) 

From Eqs. 2.6 and 2.7 it can be seen that the penetration depth,() may 

be written as 

[2n ') 1 0 = -- 2 
wp (2.9) 
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The balance of the tangential stress at the surface leads to 

-= ax 
aa 

z=O 
(2.10) 

Using Eq. 2.1 and = W.x = dU where u is a local displacement of the 
A.x ax 

surface in the x-direction, we obtain 

(2. l l) 

Eqs. 2.10 and 2. 11 lead to the dispersion equation, by differentiating 

Eq. 2.11 with respect to x and comparing the result with Eq. 2.5: 

a2
u , (av) 

c W = n îZ" z=O (2.12) 

Introducing Eq. 2.6 produces the dispersion equation 

n'wm (2. 13) 

' -~ 
For purely elastic surfaces, c is a real number: in that case arg k = '8"" 

and, .consequently, $/K = 0.41. For a viscoelastic surface, e is a complex 

number, lly determining the real and imaginary parts of k experimentally, 

we can calculate c from Eq. 2.13. Fora more detailed discussion, we 

ret-urn to Eqs. 2.10 and 2.11. Combining Eqs. 2.7 and 2.10 we obtain 

acr = n ' ( 1 + j ) ~ 
<lx " 

F,or Eq. 2.11 we write 

av 
e;-

élx 

(2. 14) 

(2. 15) 

In the case investigated, where the waves are generated at x=O and 

relected by a solid wall at x=L, we obtain for v(x,O,t) of the resulting 

total wave: 

v(x,O,t) = v(x,t) = v
0 

-jk(x-L) jk(x-L) 
e - e 

jkL -jkL 
e - e 

jwt 
e 

and using cr(x,t) = ae + Acr(x,t) for cr(x,t) we obtain: 

7 
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-jk(x-L) + jk(x-L) 
. e e (2.17a) 

or using Eq. 2.13 and 2.7: 

u(x,t) vo {_n'wp2 }! 
(j - (1-j) -e k 

-jk(x-L) + jk(x-L) 
e e ejwt 
eJkL _ e-jkL 

(2.17b) 

In the following the local displacement u(x,t) will be used frequently. 

For harmonie waves we get 

u(x) = ~ v(x) 
JW 

(2.18) 

In practice, we did not use Eqs. 2.16 and 2.17 directly. The amplitudes 

and phases of the surface tension, velocity and displacement are measured 

as a function of x. In order to apply the theory to the experiments easily, 

we give relations for the amplitudes and phases as functions of x: 

{
cosh 2B(x-L) - cos 2K(x-L)} ~ 

mod v = mod vO cosh 2BL - cos 2KL 

arg v arg v
0 

+ arctan {tan K(x-L) coth S(x-L)} 

- arctan {tan KL coth SL} 

mod ö <J mod v IEi~ {cosh 26(x-L) +<:_os 2K(x-L)l! 
0 w cosh 2BL - cos 2KL J 

(2.19) 

(2.20) 

(2.21) 

arg 11u arg v
0 

+ arctan ~ - i - arctan {tan KL coth BL} 

+ arctan (tan K(x-1) tanh S(x-L)} (2.22) 

mod u = .! mod v 
(JJ 

1T 
arg u arg v - Z 

(2.23) 

(2.24) 

In the following paragraphs, two extreme situations, characterized by 

the conditions LB>>l and LS<<I respectively, will be considered. 

2.2.2 êigg1g_ir~yglligg_~~yg~ 

Under the condition of Li3i>>I, the wave generated by the oscillating 

barrier will be damped out before reaching xmL, so there will be no 

reflected wave; we deal with a single travelling wave. Eqs. 2.16 and 

2.17a will reduce to: 
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a (x, t) 

= e 
j(wt - kx) 

ke: j (wt - kx) 
0 e - vo we 

and Eqs. 2.19-2.22 reduce to 

arg v = KX + arg v0 

mod!J.a = mod v ~ e-Sx 
0 (!) 

1T 
argt. cr = arg v

0 
+ arctan S/K + Kx - 4 

2.2.3 ~~~i!!.l~i!_~i!~~!~-~~!~~~ 

(2.25) 

(2.26) 

(2. 27) 

(2.28) 

(2.29) 

(2.30) 

When LS<<I another extreme situation exists and Eqs. 2.16-2.18 will 

reduce to 

v(x,t) vo e 
jwt 

(2.31) 

a (x, t) (J - jwt (2.32) e v0 e 

u(x,t) jwt x-L jwt (2.33) vo e -1uo e 

where u0 is the amplitude of u(x,t) at x=O. From Eq. 2.32, it can be 

seen that the surface tension is independent of x: it is homogeneous. 

Assuming the local displacement of the monolayer at x=O to be equal 

to the displacement t;,(t) of the barrier: 

jwt i.;,<t) = u(O,t) = u0 e (2.34) 

When A is used for the surface area of the trough and b for its width: 

. t 
A(t) = A +AA(t) = A - bub(t) = A - bu eJW 

e e e 0 (2.35) 

where Ae is the equilibrium surface area. Comparing t:. A( t) from Eq. 2. 35 

withácr(t) (= cre - cr(x,t)) from Eq. 2.32 we get 

9 



A:cr(t) ll.A( t) 
e:---

Ae 
(2.36) 

This equation is identical to Eq. 2.1. In the Langmuir Wilhelmy method, 

the surface area is varied quasi-statically. Therefore, the typical 

frequency is nearly zero. Also, according to Eqs. 2.8 and 2.13, S will 

be much smaller than 1 m-l. As Lis usually smaller than l m, e1 will 

be much smaller than unity. So, it can be concluded that the Langmuir 

Wilhelmy method may be considered as a special case of the general 

longitudinal wave technique. 

2.3 The longitudinal wave technique, experiments with low frequencies 

2.3. 1 ~~g~~E~!!l~nf_2f_fh~-~~E!g~~-~~n~i2n_!~Y~ 
A schematic representation of the apparatus for measuring changes of 

surface tension (Ä.a(x,t)) caused by the generated longitudinal surface 

wave is shown in Fig. 2.3. This set-up is practical for waves with 

frequencies lower than 1 Hz. 

w 
B 

D 

E 

Fig. 2.3 

Schematic representation of the experimental set-up. 

T is the Langmuir trough with a monolayer-covered 

liquid surface M. B is the oscillating barrier driven 

by the motor R via the eccentric wheel E, W is the Wilhelmy 

plate. The displacement meter, D measures the harrier 

motion. 

The experiments were done w.ith a Teflon trough, 60x8xlcm. A harrier 

mounted at one end was driven by a motor (Elmekanic) via an eccentric 

wheel rotating in a metal square, to guarantee an optimal sinusoidal 

harrier motion. The angular frequency could be adjusted to the values 
-1 

of 5.24, 2.62, 1.05, 0.52, 0.2.6 and 0.10 rad s (corresponding to 

frequencies between 0.02 and 0.84 Hz) by selecting the speed of the 

motor. 

to 



The amplitude could be changed by fitting different eccentric wheels. 

Normally, an amplitude of 0.50 mm was used. Amplitudes of 0.96, 2.45 

and 4.91 mm were applied in special experiments. The motion of the 

harrier was recorded using a displacement meter. At the start of an 

experiment, the trough was filled to the brim with triple-distilled 

water. Then, a monolayer was formed on the surface, using, in the case 

of insoluble surfactants, a spreading solution of hexane/ethanol 

(80:20 volume%). By dripping the right amount of solution onto the 

surface, the desired equilibrium surface tension was obtained. The 

harrier was submerged 0.5 mm into the water to prevent leakage. 

Surface tension was measured by means of the Wilhelmy plate method. 

A roughened platinum plate (2x2x0.0lcm) was attached to an electro

balance (Cahn, R.G.). This balance was placed on a carriage and it 

could be lifted by a special device (not shown in the figure). 

Before starting an experiment, the plate was lowered carefully until 

it just touched the surface, so the output signal from the balance 

is a measure of the surface tension (Gaines 1966). It was recorded 

on the y-axis of an x-y recorder, whilst on the x-axis the output 

signal of the displacement meter (connected to the harrier) was recorded. 

The amplitude of Aa(x,t) could be read directly from the recorder, 

the phase difference between A cr(x, t) and the harrier motion was derived 

from the Lissajous figure which was drawn by the recorder. The measured 

values of the amplitude and phase were corrected for the transfer function 

(slowness) of the balance. The glasswork and trough were cleaned with 

chromic acid to minimize contamination; the chemicals used were "pro

analysi" quality or better. The influence of the side walls of the 

trough and the amplitude of the harrier on the results will be discussed 

in paragraph 2.5.3. 

2.3.2 P;!~_!!~E~!-E~!!!E!~-!~!h~§ 
The surface velocity can be derived from recordings of the displacement 

of small tracer particles introduced onto the surface. This method for 

obtaining information about the dilatation properties of the surface 

is developed in our laboratory. It is used in addition to the Wilhelmy 

plate method (Snik et al. 1982d). 

The apparatus described in paragraph 2.3.J is modified, i.e.,the 

balance was replaced by a TV camera f or recording the movement of the 

tracer particles. We used so-called Eccospheres (obtained from Emerson 
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and Dumming Ine.) as tracer particles. These were small hollow glass 

spheres with diameters ranging from 40 to 100 µm and a true density of 
3 300 kg m • These particles should follow the surface motion without 

disturbing it. In order to ensure that the motion was not disturbed, 

two effects have to be considered. A particle participates in the 

movement only because it is dragged along by the monolayer surrounding 

it; therefore inertial effects have to be taken into account. 

The equation of motion reads 

av 
m _J = -k' (v - v) 

p 3t p 
(2.37) 

where mp is the mass of the tracer particle, k' the friction coefficient, 

v the velocity of the monolayer and v the velocity of the tracer 
p 

particle. For sinusoidal motion, Eq. 2.37 leads to 

v 
p 

v 
WT 

(2. 38) 

where T m /k'. A value for k' can be estimated from Stoke's law 
p 

taking into account that only one third of the particle is submerged 

in the water. For the tracer particles in the experiments, it was found 
-3 that T = 10 s. For the angular frequencies in our experiments, wT<<l, 

which means that inertial effects were negligible. When a particle is 

partially submerged in the water, its amplitude will be somewhat smaller 

than that of the surface and its movement delayed due to the exponential 

velocity profile of v(x,z,t) (see Figure 2.4). 

A 
1 
1 

cross stttion A-A' 

Tracer particle, radius R, in the monolayer-covered surface M. 

The velocity v (x,t) of the tracer particle can be estimated using 
p 
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l d 
v (x,t) = ~A f v(x,t) emz b(z) dz 

p t 0 
(2.39) 

where d is the height of the submerged portion of the tracer particle, 

At the cross-sectional area of the submerged part of the tracer particle 

(see Figure 2.4), b(z) its width at height z. Using polar coordinates, 

Eq. 2.39 can be rewritten as 

aO m(R cos a - R ) 2 v (x,t) = - f v(x,t) e s R sin2a da 
p At 0 

(2.40) 

where R is the radius of the tracer particle, R =R-d and a0 = arccos(R IR) s s 
(see Figure 2.4). From numerical evaluations, corrections concerning the 

amplitude attentuation and phase shift can be calculated. For a tracer 

particle of radius R=35 µn, an attenuation of 2.5% and a phase shift 

of 0.019 rad are calculated for the highest angular frequency used 

(w = 5.24 rad s- 1). Corrections for this effect have been applied 

throughout. The displacement of the particles was recorded with a video 

camera Cl (see Figure 2.5) which could be positioned at any point 

above the surface. 

VM 

• 
M B~ T 
//7/~77/T///777777 r//f>77; 

Figure 2.5 

The experimental set-up. M is the monolayer-covered 

surface, B the harrier, T the tracer particle, 

c1 and c
2 

are TV cameras, W the wiper unit, VI the 

video-interface, LSI the microcomputer with floppy disc (F) 

and display terminal (D). VM is the video monitor with 

the two dots showing the movements of the barrier (upper 

dot) and tracer particle (lower dot). 

13 



In order to obtain the necessary contrast between the tracer particle 

and its background, a dark-field illumination was used. The displacement 

of the barrier was recorded with camera C2, its picture being inserted 

into the picture from camera Cl by using a wiper unit (Sony CMW-1 IOCE). 

This was done so that the resulting picture on the monitor showed two 

white dots, moving parallel to the TV~scan-lines, in the upper and 

lower parts of the monitor screen respectively (see Figure 2.5). 

The wiper output was fed into the VMS (Video Measuring System). 

The VMS consisted of a computer-controlled video-interface (developed 

at Twente University of Technology (Houkes 1981) and a DEC LSI-l l 

microcomputer with a floppy disc and display terminal (see Figure 2.5). 

The video-interface discriminated the two white dots from the grey 

background. A computer propgram, executed by the LSI-11 indicates to 

the video-interface two TV-scan-lines which coincides with the 

movement of the two dots. The positions of the dots were measu;red along 

these lines. The video-interface interrupted the computer program in 

order to fetch the measured positions and store them on the floppy disc. 

An off-line program processed the stored positions and obtained 

values for the amplitudes and phase angles of the displacements 

of both the barrier and tracer particles. 

2.3.3 Ihl2-!!E.Sl:!!!!E!_f!L!h!L!!l~!!~l:!!l2~~!~ 
A discussion of the accuracy of the measurements will start with Eqs. 

2.19-2.24. These equations will be used in non-dimensional form: 

x· . 
arg u 

mod à cr* 

arg 6 a* 

l cosh 2e*<x*-1) - cos 2K*(x*-1)l~ 
l cosh 211* - cos 2K* J 
arg u

0 
+ arctan{tan K*(x*-J) coth S*(x*-J)} 

- arctan {tan KX COth e*} 

(2. 41) 

* * * ;: tl (K*2 + e*2) {cosh 28X(x -J) +cos 2K (x -1) 
2

. 

cosh 28 - cos 2K* (2.43) 

arg u
0 

+ t e* - arctan {tan K*coth a*} are an ""'i " 
K 

+ arctan {tan K*(x*-J) tanh e*(x*-J)}- 3~ (2,44) 
4 

* where x * * * x/L, u • u(x )/u0 , S 
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Each of these equations (Eqs. 2.41-2.44) can be written in the following 

form 

4 l ' ... 44 (2.45) 

* Each of these equations is related to a measurement procedure of yi 

as a function of x*. In principle, each one of these four measurement 

procedures is suf ficient for the determination of the values of the 

* * parameters K and 8 by means of parameter evaluation. We have an 

experimental set-up which allows the application of all four measurement 

procedures. The accuracy of the values of K and S that result from the 

procedures will be discussed separately. Now, consider a set of 

measured points obtained with rrocedure i: a curve-fitting program using 

these measurements and Eq. 2.45 provides the values of K * and a * for p p 
the two parameters K~ and a*, 

1:: Using these parameters allows a curve (the p-curve) of the yi versus 

* x plot to be drawn. This is a normal procedure that enables a comparison 

to be made between the measurements and the theory. This p-curve will 

be used in a different context and will be referred to as 

( 1:: * "*) X ,K , p 
p p 

f. 
1p 

(2.46) 

When discussing the accuracy of K and a two more curves ( K and 13 curve) 

have to be introduced characterized by the following parameter values 

K curve: K * = 0.95 
K 

13 curve: 

K*,a*= 
p K 

13 * = 1 .os 13 
(2.47) 

These c1.1rvés will be called f. 0 for the 13 curve and f. for the K curve. 
1µ 1K;r. 1r. 

For example, Fig. 2.6 shows a plot where i=42 so that y =arg u • 

In this figure the p, S and K lines are shown, and from them, it can 

be seen that the curve depends much more on K than on a. To quantify 

these dependencies the average vertical distances D. between the K 
1K 

and p line are compared with DiS between the S and p line. For this 

purpose we introduce: 

1 
/lf. - f. !dx* 
Q 1p 1K 

(2.48) 
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and 

0 0.2 0.L. 0.6 0.8 

Figure 2.6 

Arg u* as a function of x* for different K*, 

* * o* • S values: K =2.93, "=l.20 for the p-line, 

K*=3.07, s*=J.20 for the K-line and KX=2.93, 

s*=J.14 for the S-line. 

l * D. 0 = !ff. - f.~ldx 
l.p 0 l.p l.p 

1.0 

(2.49) 

Both quantities are needed when selecting the measurement method; 

therefore, we calculated D. and D.
0 

as functions of s* in the range of 
l.K l.p X 

0 to 4, because all our measured values of S lay in this region. In the 

following calculations, it is assumed that the monolayer is purely 

elastic, thus, S/K=0.41 (the influence of higher S/K ratios on D. and 
l.K 

Dif3 will be discussed later). 

In Figs. 2.7 and 2.8, DiK and Dif3 are given as a function of s*. For 

conclusions about the accuracy of the methods, the experimental errors of 

* yi are shown with dotted lines. Comparing the DiK and Dif3 curves with 

experimental errors allows the following conclusions to be drawn: the 

a. The arg u* measurement (Fig. 2.7B): 

The K value can be obtained with an inaccuracy of 5% or less for 

s*>0.9. f3 values cannot be obtained accurately, therefore mod u* 

measurements are necessary. 

b. The mod u* measurement (Fig. 2.7A): 

The f3 value can be obtained with an inaccuracy between 5 and 8% for 

s*>1. For s*<0.3, no 8 or K value can be obtained with any accuracy at 

* all. Tb.is is in accordance with Eq. 2.33, which showed that for S <<l, 
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--- --- -=t-

0 2 3 1. 
13* 

.06 
l' 
I B 1 

'.:1 .Ot. I ...... , .. 
0 

I 
1 

I 
1 

.02 I 
I 

I 

0 2 3 t. 

13* 
Fii:iure 2.7 

D. 
lK 

(broken line) and DiB (full line) as a function of 

B* for I•41 (Fig. A) and i=42 (Fig. B) (see Eqs. 2.48-49). 

u(x,t) is independent of S and K. 

c. The argl. cr;: measurement (Fig. 2.SB): 

The K value can be obtained with an inaccuracy of 5% or less for 

s*>o.8. 

d. The mod Il cr;: measurement (Figure 2. 8A): 

accurate B values are obtained for s*<l.9. We see that for high B 
values, thef:i cr(x,t) measurement fails. For s*<o.3 we deal with 

homogenousA a(x,t) according to Eq. 2.32. The modA cr* becomes equally 

sensitive to K and $: they cannot be measured separately, instead e 

is measured directly (see Eq. 2.32). 

These conclusions are summarized in Table 2.1. 
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condition accurate K,13 values f rom 

13/K u(x,t) ll. cr(x,t) 

0.41 a*>1 0.8<B*<t.9 

0.50 13*> 1. 3 J.1<13*<2.3 

Table 2. 1 

Ranges in which measurements of u(x,t) and 

l:i a (x, t) lead to accurate 13. nnd K values. 

Results from a similar evaluation assuming S/K=0.50 are alsq given in 

Table 2. 1. Most measurements reported in this thesis have S/K ratios 

between 0.41 and 0.50 • 

. 06 

.Ol. 

'-3 
D 

.02 

0 

.08 

.06 
~ 
I 
I 
I 
I ." ... " ..... ,""' 

::Lot. 
0 I 

I 
I 

.02 I 
I 

I 

0 

Fi~ure 2.8 

D. (broken line) and Dil3 lK 
for i=43 (Fig. A) and i=44 

A 

2 3 l. 

'3* 

B 

... " ......... " 

2 3 
~* 

_(full 1 ine) as a function of s* 
(Fig. B) (see Eqs. 2.48-49). 
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For measurements of longitudinal waves with frequencies between 20 and 

500 Hz, the method described by Lucassen (1968) was used; for these 

measurements, the disturbance was generated by an oscillating barrier 

(active barrier) driven by a loudspeaker. The wave was detected by a 

plate (passive harrier) touching the surface at zero contact angle and 

positioned parallel to the active barrier at distance L (see Fig. 2.9). 

-x 
Figure 2. 9 

Experimental arrangement. M is the monolayer-covered 

surface, B the active barrier, P the passive barrier 

with transducer. G is the wave generator, A are 

amplifiers, LA the loek-in ámplifier and L the 

loudspeaker driving the active barrier. 

Our measurement procedure dif fers from that described by Lucassen in that 

we take into account the fact that the "incident" surface tension wave 

ui is partly reflected at the passive harrier. This leads toa force Fd 

on the passive barrier 

w (cr. + cr - cr ) 
1 r t 

(2.50) 

where wis the width of the passive harrier, a. is the surface tension of 
1 

the ~incident", a of the"reflected"and cr of the"transmitted'.lsurface 
F .r write a • t td f ~ +Bx j(+Kx-wt+~) wave. or conven1ence, we n ins ea o ane- e - n 

where 8 is the amplitude and $ the phase of the wave; the x-axis is 
n n 

perpendicular to the harrier (see Figure 2.9). The passive harrier of 

mass ~ is connected to a transducer of compliance Q. The equation of 

motion of this harrier is given by 

(2.51) 
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where ~ is its displacement. If we assume the absence of mass transport 

between the surface and the underlying (bulk) fluid, mass conservation 

yields 

v. + v 
l. r 

(2.52) 

where vi is the surface velocity of the incident, vt that of the 

transmitted and v that of the reflected surface wave. We define the 
r 

complex quantity G: 

' (2.53) 

where vpb and vab are the complex velocities of the passive and active 

harrier. respectively. For convenience we choose x=O at the position of 

the passive harrier, x=.-L at the position of the active harrier. Eq. 2.53 

can be rewritten as 

G 
(v.+v ) L 

i. r x•-
(2.54) 

The quantity G given in Eq. 2.53, was measured using a loek-in amplifier. 

The velocities of the active and passive harrier are used as the reference 

and the input signal respectively. G can be calculated from Eq" 2.54 

using Eqs. 2.51, 2.52 and standard procedures for standing waves analogous 

to those for the theory of sound transmission through different media 

(Stumpf 1980). G becomes 

with 

G=~ 
E + jF 

p (
n 'pw) ! 

-2w - 2-7 (K + B) 

~ - Q/w 

R -2w ~)! (K 
- f:l) 

w~ - Q/w 

E ((P+I) cos KL - R sin KL) e 81 - (cos KL) e-SL 

F ((P+I) sin KL + R cos KL) eSL + {sinKL) -BL e 

20 

(2.55) 



where p is the density and n' the viscosity ot the bulk fluid. From Eq. 2.55, 

G can be seen to depend on the parameters K and S; G was measured as a 

function of L, so by fitting the theoretical curve through the measured 

values of G, values of~ and Scan be obtáined. In Fig. 2.10 a theoretical 

curve is compared with a measured curve for one of our measurements 

(measured with the loek-in amplifier, at a constant phase angle). Curve b 
-1 -J 

(K = 2.30 cm , 6 = 0.93 cm ) represents the best fit. 

to 

G ~ 

---=~~~~~~t--+f---:-~~-10 Î 
~ ~ -l 

L!crnl.........-

-1.0 

G as a function of the distance between the active and passive 

harrier (L) as measured by the loek-in amplifier at constant 

phase angle. Curve d is a measured curve obtained from a 

cholesterol monolayer (frequency 400 Hz). The other curves 
-] -1 

are calculated (Eq. 2.55) with K=2.30 cm , S=0.93 cm for 

curve b (best fit); 
-] 

K=2.30 cm , S=l.03 

-] -] 
K=2.10 cm , S=0.93 cm for curve a and 

cm-] for curve c. 

In the same figure, the calculated curves are shown with different K and 

S values; it was concluded that the experimental error in both the K and 

6 values thus obtained was 5%. Results obtained with this method are 

presented in chapter 5. 

2.5 Results from the low frequency experiments 

The results of measurements with the longitudinal wave techn~que at low 

frequencies on two substances viz. cholesterol and decanoic acid, are 

described in this section. For these substances, (surface) shear effects 

were negligible (see chapter 2.5.3). Measurements on dipalmitoyl 

phosphatidyl choline (DPPC), the main component of lung surfactant (see 
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chapter 4), are dealt with in chapter 3: for DPPC monolayers, shear 

effects were not negligible. Decanoic acid was chosen because its 

rheologic behavior has been studied intensively by others (Lucassen and 

van den Tempel 1972a,l972b, Maru and Wasan 1979), cholesterol was chosen 

because it is a component of lung surfactant. 

2.5.1 Çh2!~~!~!2!_m2g2!!X~!~ 
Cholesterol was obtained from Merck (pro Analysi). The experiments were 

performed at an equilibrium surface tension of 63 mN m-I at T=2l+0.5°c. 

Figure 2.11 shows a typical plot of the amplitude and the phase of 
-1 

u(x,t) versus x fora cholesterol monolayer at w=S.24 rad s .. 

o.s 

0.4 

! 0.3 

::> 

-g 0.2 
a 

o. J 

0 

1.0 

0.8 
,..... 
"Cl 

"' 0.6 1-1 ........ 

::! 

bO Q.t. 
1-1 

0.2 

"' 0.1~ 
0 0.2 

Figure 2. l l 

A 

+ 

0.6 0.8 1.0 
x/l 

B 

Q.t. 0.6 0.8 1.0 
x/l 

The modulus and phase of u(x,t) as a function of x/L, obtained from 
-1 -1 a cholesterol monolayer, w=S.24 rad s , oe=63 mN m • The lines 

drawn were obtained by curve fitting assuming u
0

=ub. 
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From the measured points in 2.l!A, it is clear there is no exponential 

decay, so we are not dealing with a single travelling wave. With the help 

of a curve fitting program fora minicomputer, using Eqs. 2.23 and 2.24, the 

best curve through the measured points is obtained (see Fig. 2.11). 

In these equations the displacement of the barrier ~ is substituted for 

u
0

• The K and S values resulting from this procedure are listed in Table 2.2, 
-1 

together with those obtained from our experiments at w=l.05 and 2.62 rad s 

Angular Tracer particle Wil he lmy-p late Corrected 
frequency method method va lues 

(rad -1 
s ) (m 1) {m-1) (m 1) 

1.05 S=0.6+0. 1 0.6+0.2 0.48+0.05 - -
K=l.2+0.3 1.0+0. 2 1.08+0.05 - - -

2.62 S=O. 9.:_0. 1 1.0+0. 2 0.95+0.05 - -
K=2,2+0.2 2.0+0.2 2. 15+0.05 - - -

5.24 S=J. 7.:_0. I 1.6+0.2 1.50+0.05 - -
K=3.6+Q, 1 3.5+0.2 3.6 +0.1 - - -

Real wave number (K) and damping coefficient (B) obtained from 

measurements with cholesterol monolayers using different methods. 

Errors indicate values from the curve fitting program. 

The measurements of/J..a(x,t) have been performed too, the values of K and 

S were obtained from the same curve fitting program using Eqs. 2.21 and 

2.22. These values are also presented in Table 2.2. This table shows that, 

for cholesterol, the u(x,t) and IJ. cr(x,t) measurements give comparable 

K and S values (they are in accordance with one another within experimental 

error). The theoretical curves representing the K and S values (obtained 

from Eqs. 2.23 and 2.24) are shown in Fig. 2.11. In this figure we notice 

a significant difference between the theoretical and experimental values 

near x=O. This phenomenon was often observed in our experiments, it has 

also been reported by Crone (1980). The discrepancy can be explained by 

assuming that the transmission of the harrier motion to the monolayer is 

not perfect, hence in Eqs. 2.19-2.22 u0 differs from ub. To cope with this 

effect a new fitting procedure had to be applied in which u
0 

was not equal 

to ~. To obtain the most accurate values, both the IJ. a (x, t) and u(x, t) 
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measurements were fitted simultaneously. The new K and S values are 

listed in Table 2.2 as "corrected values". From the best fits, u
0 

is 

calculated: we found that mod u
0 

= 0.95 mod ub throughout and arg u
9 arg ~ - 0.02 rad at w = 1.05 rad s-l. At w = 2.62 and 5.24 rad s- no 

phase shift was found (arg u
0 

= arg ub). From Table 2.2 it is seen that 

the effect of an imperfect barrier transmission on the results is 

significant and should not be neglected (for instance see the S value 
-1 

at w = 1.05 rad s ). In Table 2.3, sd and nd values are listed,calculated 

from the "corrected" i< and S values, using Eq. 2.13. 

Angular Surf ace dilatational 
frequency elasticity viscosity 

(rad 
-1 

s ) (N m-I) -1 
(Ns m ) 

1.05 0.77+0.02 0.02+0.03 - -
2.62 o. 77+0.02 0.01+0.0J - -
5.24 0.79+0.03 0.00+0.005 - -

Table 2. 3 

Surface dilatational properties obtained from cholesterol 

monolayers at different angular frequencies. 

From this table it is concluded that the nd values are small (zero 

within experimental error): the cholesterol monolayer behaviour is 

purely elastic. An s value can be estimated too from the slope of a 

quasi-statie cr versus A plot (see Fig. 4.5): in the case of purely 

elastic layers, this value will be comparable to the s value obtained 

under dynamic conditions (Joos 1973). Estimating the slope of Fig. 4.5 

gives a value fors of 0.7 .:_ O.J N/m and this value agrees with the 

value of Table 2.3. Crone et al. (1980) reported higher s values, probably 

due to the great inaccuracy of theirs phase measurements. 

2.5.2 ~~E~E2iE-~Ei4_ID2~21ê~~!~ 
Experiments simi lar to those described for cholesterol monolayers we re 

performed with decanoic acid monolayers. This substance is soluble in 

water: the surface tension measured is a function of its concentration. 

A change of surface tension (e.g. due to generating a longitudinal wave) 

will be counteracted by a molecular exchange with the bulk (Lucassen and 
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van den Tempel 1972a, 1972b). This exchange is characterized by a 

relaxation time related to the surface dilatational viscosity nd. 

In Table 2.4, the K and S values are listed. Again it is concluded that, 

within experimental error, the ti cr(x,t) and the u(x,t) values are in 

agreement. 

·--
Equilibrium angular tracer- Wilhelmy "corrected" 
surf ace frequency particle plate va lues 
tension method method 

mN 
-1 

rad s 
-1 -1 -1 -1 

m m m m 
··-

S4 !.OS s = 3.2+0.2 2.7+0.3 3.0+0.2 - - -
K "' S.6+0.4 S.6+0.6 S.6+0.2 - - -

54 2.62 s = S.3+0.2 S.6+0.2 S.S+O.I - - -
K =IO. 2+0.S 10. I+O.S 10.2+0.2 - - -

S4 S.24 s = 7.6+0.8 7.4+0.8 7.6+0.S - - -
K =IS +I IS +2 IS +I - - -

SI !.OS s = 3.7+0.3 3.S+0.3 3.6+0.I - - -
K = S.3+0.S S. l+O.S S.1+0.2 - - -

Sl 2.62 s = S.3+0.2 S.8+0.2 S.S+O. 1 - - -
K= 9.8+0.3 10.2+0.4 10.0+0.2 - - -

Table 2.4 

Real wave number (K) and damping coefficient (S) obtained with decanoic 

acid monolayers using different methods. Errors indicate values from 

the curve fitting program. 

-1 
In Fig. 2.12, the experimental results (obtained at a =SI mN m ) and 

e 
theory are compared: the lines are drawn using the "corrected" K and S 

values from Table 2.4 and Eqs. 2.23-2.24. 

In Table 2.S, e:d and nd values are listed calculated from the "corrected" 

K and S values, using Eq. 2. J·3. 
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(For caption see Fig. 2.12D, next page) 
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0 0.2 Q.L. 0.6 0.8 1,0 

x t L 
Figure 2. l 2D 

The amplitudes and phases of u(x,t) and t.a(x.t) as functions 

of x/L obtained with a decanoic acid monolayer, a = 51 mN m-I 
e 

w = 1.05 rad s-l (+)or 2.62 rad s-l (O). 

Equilibrium angular Surf ace dilatational 
surf ace frequency elasticity viscosity tension 

-1 
Rad s -1 -1 -1 

mN m mN m mNs m 

54 J.05 27+2 6 '+2 - -
2.62 33+2 3 +1 -
5.24 45+2 1.4+0.5 - -

51 1.05 26+2 11 -
2.62 32+2 3 + 

•' -
50* 5.5* 

. 
44* 1* 

Table 2.5 

Surface dilataional properties obtained with decanoic acid 

monolayers at different angular frequencies. *titerature 

values (Lucassen et al. 1972b) at a =50 mN m-l and w = 5.5 rad s-I 
e 

These values agree with those reported by Lucassen et al. (1972b) 

(see Table 2.5). Recently Maru et al. (1979) reported experiments of 

u(x,t) using decanoic acid monolayers. There are three differences 

between their set-up and ours: 
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a. Maru measured the phase differences with hand~timing, 

b. he did not make corrections for the fact that the tracer particles were 

partially submerged, 

c. no corrections for 'an imperfect harrier transmission were applied. 

The use of the video system instead of hand-timing produces greater 

accuracy, because the whole particle motion is used to calculate the 

amplitude and phase of u(x,t) instead of its extreme position. From the 

previous experiments with hand-timing (as done by Maru) it was estimated 
-1 

that, for w = 1.05 rad s , the video method led to an accuracy of arg u 

at least ten times greater. It might be interesting to apply the 

corrections for the imperfect barrier transmission to Maru's results; 

as the discrepancies between theory and experimental values nea:r the 

oscillating harrier were rather pronounced in his results, these corrections 

will significantly influence his final conclusions. 

2.5.3 ~!f~fE_2f_!ig~-~!11!_!!!~_1i~~!!i~X 
For the previous results, u(x,t) was measured by means of tracer particles; 

only those particles which were more than 1 cm from the side walls were 

recorded. This was necessary in order to minimize the influence of the 

(non-moving) side walls. Other experiments were performed to see if the 

side walls had any influence on the measurements under this experimental 

condition. For this purpose, the amplitude of u(x,y,t) was checked, at 

constant x-value, and expressed as a function of y. The amplitude remained 

constant, proving that the walls had no influence on these measurements 

(see Fig. 2. 13). 

j l'r--~~-...---~~-.-~~~~~~ 

!! 

0 

Fig. 2.13 

2 
y(Cm} 

3 

Mod u(x,y,t) as a function of y obtained 

with a cholesterol monolayer, w~l.05 rad s-l 

cr =51 mN m-; x=0.4L, y=O coincides with the centre 
e 

line of the trough, y=4cm with the aide wall, 
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This conclusion proved to hold for the experiments with cholesterol as 

well as decanoic acid monolayers. In chapter 3, experiments and theory 

are described in which the effect of the side-walls on the measurement 

was significant. In chapte~ 2.1, it is said that the barrier amplitude 

had to be small in order to avoid non-linearities. To check this, the 

amplitude ~ was changed in some experiments. Instead of using the 

normal amplitude ~i of 0.50 mm, amplitudes of ûb 2=0.96, ~3=2.45, 
ûb

4
=4.91 mm were used. Mod 0ccr(x,t))n' the amplitude of the surface 

tension variation was measured applying i\~· The ratio 

s 
n 

mod ~cr(x,t))n ûb 1 
mod (~ a(x,t)) 

1 
ûbn 

(2.56) 

was calculated and is shown in Table 2.6. This ratio is equal to 1 

within experimental error; this means that there is a linear relation 

between ~n and mod (Ä a(x,t))n. 

angular 
frequency s2 s3 s4 
rad s 

-1 
" ___ 

l. 05 l .00+0.01 0.98+0.02 -- -
2.62 0.99+0.02 0.98+0.02 1.01+0.02 - - -

Table 2.6 

!nfluence of barrier amplitude on the measurements 

at two angular frequencies. 
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CHAPTER 3 

INFLUENCE OF SHEAR ON DILATATIOR .. MEASUREMENTS 

3.1 Shearing strains 

In our analysis on the merits of the longitudinal wave technique, we paid 

attention to the influence of the side walls of the trough. We observed 

that this influence can be significant for several monolayers, e.g. DPPC 

monolayers. For such monolayers, the amplitude of u(x,y,t) has indeed 

been found to depend on the value of y. This is shown in Fig. 3.1 for 

a DPPC monolayer at a fixed value of x and o • 
e 

y(Cm) 

Figure 3. l 

Mod u(x,y,t) as a function of y obtained with a DPPC 

monolayer; y=O coincides with the centre line of the 

trough, y=4 cm with the side wall. x=0.32 L and 

o = 46 mN m- 1• The three curves are obtained at different 
e -l 

w values: w=S.24 (O), 2.62 (x) and 1.05 rad s (a) 

Plots similar to Fig. 3.1 were obtained at other x and o values. 
e 

Cholesterol (Fig. 2.13) can be considered as an example of a monolayer 

where the side walls have no detectable influence on u(x,y,t). The 

dependency of u(x,y,t) on y means that shear~ng strains. occur. In the 

next paragraph a model dealing with this phenomenon is given. 
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3.2 Combined dilatation and shear 

Let us consider a surface element A of dimensions.O. x and .d. y (see Fig. 3.2). 

We use a (el!J.ual to aa. Eq. 2.1) for the surface dilatational stress, 
XX 

a for the surface shear stress (equal to as• Eq. 2.4). yx 

t <Yyx ly+ t:.y) 

Surface element under dilatation and shear. 

The force balance for A is 

{a (x+ A x) - a (x)}Ay + {cr (y+A y) - a (y)} t:. x= 
XX XX yx yx 

ov v po ätli.xll.y + n' -gllxll.y (3. l) 

In this equation ó is the penetration depth (see Eq. 2.9); it has been 

proved that, in the case of harmonie waves, ó has identical values for 

dilatational and shear strains (de Feyter (1979)). 

Rearranging Eq. 3.1 we obtain 

In the present nomenclature, Eq. 3.2 is 

av 1 acrxx 
!J.x Ë~ 

From Fig. 3.2 we conclude that ov =~ 
ay at 

(3. 2) 

(3.3) 

using Eq. 2.4 we obtain 

(3.4) 

Eliminating cr and a from Eqs. 3.2-3.4 and using jw for a/at we get 
XX yx 
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(3.5} 

If ~y21 =O, this equation is equal to Eq. i.12; we are dealing with 
. a2v dilatational strains only. If axz =O, we are dealing with pure shear 

strains (see de Feyter (1979)). To solve Eq. 3.5 we substitute 

v = a(y) b(x) (3.6) 

and obtain 

µ (3.7a} 

where 

2 • ·n' -pow + Jw 6 (3.7b) 

Separating this equation with regard to x and y we obtain 

(3.Sa) 

(3.Sb) 

and 

(3.Sc) 

The solution of Eq. 3.8b is similar to that of Eq. 2.12: b(x}"' e-jkxx. 

The solution of Eq. 3.8a is 

(3.9} 

As boundary condition we assume that the velocity at the side walls, at 

y=·! d, is zero (a(.:i:_d)=O); substitution in Eq. 3.9 then leads to 

k 
1rn 

l '2 ••..• n" y 
(3. lOa} 

and 

A 
-j11n -B e 

y y 
(3. !0b) 
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Eqs. 3.9 and 3.10 lead to 

a(y) 2B l: cos ~ y n 2d 
n = 1,3,S, •.. (3. 11 a) 

and 

a(y) 2B E sin 
ywn 

y n 2d 
Il= 2,4,6, ... (3. 1 lb) 

Solution 3.llb is rejected as it is not synnnetric at y=O. 

Starting from a solution with one single value of n (1 or 3 or 5 .•. ), 

from Eqs. 3.8a and 3.11 we obtain 

(3. 12) 

Combining Eqs. 3.8c and 3.12 we find tha~ 

2 • n' (11n) 2 
c3 = -pow + Jw;s + µ 2d (3. 13) 

Substituting Eq. 3.8b into 3.13 and using b(x) 00 e-jkxx, we obtain 

the dispersion equation 

(3. 14) 

From this equation E can be calculated for given values of µ and n. 

3.3 Results with DPPC monolayers 

Experiments using the low-frequency longitudinal wave technique have 

been performed with DPPC monolayers in the same way as these described 

in paragraph 2.4.1 on cholesterol monolayers. As cre values, 64, 61 and 

46 mN m-I were chosen. In this paragraph experiments will be described 

to obtain K 1 B, n and v values and, finally, by using Eq. 3.14 we 

calculate an r value. 

From Fig. 3.1 a value of n can be obtained by fitting the theoretical 

curve (see paragraph 3.2) 

v(y) = c
0 

+ en cos (3. IS) 

to the measured points. As we see in Fig. 3.1, n will most probably be 

equal to). For n=I, the best fits are calculated and drawn in the figure. 
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Within the experimental error all measured points fit these lines 

(the same conclusion was obtained from experiments at other x and cre 

values); so we conclude that n=I. From our u(x,O,t) measurements, K and 

B values were calculated using the theory in chapter 2. In practica, 

only those tracer particles were used for these measurements which were 

not more than 0.5 cm away from the centre line of the trough. In Table 

3.1 the resulting K and B values obtained from two measurement series 
-1 

at cre=46 mN m are given. 

Angular real wave damping 
frequency number coefficient 

(rad 
-1 

s ) (m-1) (m-1) 

5.24 6.2 2.5 

6.4 2.7 

2.62 4. 1 1. 7 

4. 1 ]. 8 

1.05 2.6 J. 1 

2.5 1 • 1 

Table 3. 1 

Real wave nutnber and damping coefficient obtained from 

DPPC monolayers at different angular frequencies. 

At Unilever Laboratory, µ values have been measured with an internally 

developed set-up (de Feyter 1979). From such measurements 

it is concluded* that Jµj of DPPC is about 1 mN m-l and ~s~o. 
Using Eq. 3.14 and the n1 µ, K and B values as given above, Ed and 

nd values were calculated as listed in Table 3.2. Other values obtained 

from Eq. 2.13 on the basis of the theory in chapter 2 are listed in the 

same table, too. We note that the differences are pronounced. As the nd 

values are small, the monolayer behaviour is almost purely elastic, 

which implies that Ed is independent of wand equal to es' which is the 

value of E obtained from the slope of a (quasi) statie a versus' A plot 

(Joos 1973). In Figure 4.3 such a plot fora DPPC monolayer is given, 

from which e is calculated to be 0.30 Nm-l. This value is in good 
s 

agreement with the Ed values of Table 3.2. 

We also performed measurements on this substance with the Wilhelmy plate 

*J . . . . . • BenJallU.ns private commun1cat1on 
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Angular corrected not corrected 
frequency for shear for shear 

-1 
(rad s ) i::d nd i::d nd 

-1 -1 -J -1 
mN m mNs m mN m mNs .m 

5.24 290 -1 260+2(1 -1+2 - -
2.62 280 3 21 15 2+3 -
1.05 300 8 140+15 4+5 

Table 3.2 

Values for the viscoelastic parameters with and without 

corrections for shear phenomena. Errors given are 

experimental errors. 

method. The K and S values resulting from these measurements proved to 

differ by 10 to 40% from the results of u(x,t) measurements, An 

explanation might be that addit~onal shear occurs due to the Wilhelmy 

plate itself. We conclude that measurements using the longitudinal wave 

technique should always include a measurement of the amplitude of u(x,y,t) 

as a function of y. If the amplitude depends on y, the theory introduced 

in this chapter has to be applied. Probably many literature values of the 

dilatational modulus e, obtained with the longitudinal wave technique, 

are in reality the result of combined dilatation and shear. 

3.4 Methods for dilatation measurements where shear effects are eliminated 

There are several ways of avoiding shear in dilatation experiments. They 

all imply that the walls are no langer at rest but driven so that their 

velocity is equal to the velocity of the adjacent part of the monolayer. 

Three methods will be described; in àll three the dimensions of the area 

under dilatation satisfy the condition SL<<I. This implies that ais 

homogenous (Eq. 2.33) so that e can be directly measured using the 

Wilhelmy plate technique. Besides, the amplitudes .of displacement of the 

monolayer vary linearly with position (see Eq. 2.32). 

Of the three m.ethods, two were developed at our laboratory and are 

simplifications of the third developed by Benjamins, de Feyter et al. 

(1975). 

We will first describe the two simpler methods which will be referred to 

as the asymmetrie method (par. 3.4.1) and the symmetrie method (par. 3.4.2). 
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In this method also use is made of a trough of length L with a harrier 

(at x=O) moving harmonically (see Fig. 3.3). Two rubber bands R, which 

are 1 mm submerged in the water, are connected with the harrier B and the 

wall S opposite to the harrier. 

B 

- . 

Figure 3.3 

M 

-x 

R 

1 -S 

t 

1 
1 

x-L 

• I 

"" 

R 

Top view of a special trough designed for 

dilatation experiments without introducing 

shear effects. 

M is the monolayer-covered surface enclosed 

by the rubber bands R, barrier B and solid 

wall S. W is the Wilhelmy plate. 

As SL<<l, the monolayer displacement u(x,t) varies linearly with x. 

Using the rubber bands Ras side walls, uR(x,t), the displacement of the 

wall, is also linear with x and equal to u(x,t). The position for 

measuring cr(t) with the Wilhelmy plate is near x=L, where u(x,t) is small, 

so that shear effects introduced by the Wilhalmy plate itself are minimal. 

This method differs from the one described above in that two instead of 

one moving harriers are used: one at x=O and one at x=L. The movement of 

the two barriers has a phase difference of 180°. The advantage of this 

method is that at x=!L, u(x,t) is equal to zero, so that measuring cr(t) 

at this position, any shear introduced by the Wilhelmy plate is avoided. 
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3.4.3 Ih~-~~~l~~a~:g~-t~x!~!_!!!!;!h2g 
In this method, use is made of a square of rubber bands, the four edges 

being driven synchroneously so that they move along the diagonals of the 

square (Benjamins et al. 1975). cr(t) is measured in the middle of the 

square. A difference between this set-up and the methods described above 
• h h ~ l • h ' ' d' . ' A l d t. b 1s t at ere we ue~ wit strains in two 1rect1ons, viz. an ~ 

(strain in x and y direction respectively). In general, according to 

three-dimensional rheology in the absence of shearing strains, the stress

strain tensor for the two-dimensional case ~see Goodrich 1979) is 

conformity with Eqs. 2.1 and 2.4) and cr and cr are the diagonal terms 
XX yy 

of the (surface) strain-stress tensor. Using µ«E:, a conditi~n which is 

normally satisfied in monolayer studies (Lucassen-Reynders and Lucassen 

1969, van den Tempel 1977), we obtain 

cr 
XX 

cr 
yy 

(3. 16) 

~=Ab In the Benjamins-de Feyter set-up 
1 

-i;- so that Eq. 3.15 in that case 

is 
2 Á 1 

IJXX = E: -1-

3.4.4 ~~~!~!~!!!!;~!!_~ag_E~~~!!! 

(3. 17) 

The special methods described in paragraphs 3.4.1, 2 and 3 are simpler to 

handle than the more general methods described in chapter 2 and 3.2. This 

is particularly important for lung surfactant studies, where large numbers 

of experiments have to be performed. 

For practical use, two things have to be considered. The first concerns 

the formulation of the requirement that SL<< l. If this condition is not 

satisfied,cr will be inhomogeneous and this will cause errors in the 

determination of the value of e. Using Eqs. 2.16 and 2.17, we can calculate 

the limiting values le1 [ of lel, for which the error~ caused by the 

inhomogeneity of cr is 5%, In Fig. 3.4 the result of these calculations, as 

a,plot of le
1
1 versus w, is given for L=l5cm. For lel values greater than 
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1 the error introduced by the method is less than 5%. 
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' I 
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.!:: I 
I 

f 

100 I 

0 5 

Figure 3. 4 

Limiting values 18
1

1 as a function of w, calculated 

for the asymmetrie (breken line) and Benjamins-

de Feyter method (full line) for relative error 

ill lj 1 of 5%. 

The second consideration concerns the requirements for the rubber bands. 

No surface-active contamination should be introduced by these bands, they 

should not bend, and in the case of the Benjamins-de Feyter method the 

transmission of the motion of rubber bands to the monolayer bas to be 

perfect (no attenuation or phase shift). Contaminations introduced by the 

band proved to be negligible when using new foundry latex bands rinsed 

thoroughly with alcohol and distilled water. When after such treatment 

a band was partly immersed in clean water, no change in the value of cr 

was observed. 

Differences in surface tension on both sides of the band cause bending 

of the band. To consider the bending, experiments with a square of 

rubber bands were performed: inside the square the surface tension was 
-l . 

not changed (cr
1
=46 mN m ), outside the square the surface terision (cr

2
) 

-1 
was varried between 72 and 20 mN m • No inf luence of cr2 upon the 

measured cr
1 

value could be detected, from which we conclude that bending 

is negligible, 

The transmission of the motion of the rubber bands to the monolayer has 

not been measured directly. Instead we compared E values obtained with 

the Benjamins-de Feyter method and values obtained with the methods 
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described in chapters 2 and 3.2. A square of rubber bands of 14.6x14.6 cm 

was used, the amplitude of the four edges was chosen so that the 

relative change in surface area was 2%. The frequency could be adjusted 
-1 

to values of 0.40, 1.08 and 1.57 rad s • The circumstances under which 

the experiments took place were identical in the two methods. A comparison 

of the results is given in Table 3.3, which shows that the agreeement 

is satisfactory for most substances. We have no explanation for the 

deviations found in the case of cholesterol, 

method described in Benjamins-de Feyter 
par. 2.3 and 3.2 method 

Substance a e:d nd e:d nd e 
ml\! m-l mN n{-1 mNs m"'l mN m:..1 mNs m:..1 

Cholesterol 52 820+20 0+2 920+20 O+I - - - -
DPPC 65 53+ 5 0+3 50+ 5 0+1 - -

61 105+10 1+3 100+ 5 O+l - - - -
46 300+25 4+4 330+20 1+1 - - - -

lung surf actant A 42 60+ 5 20+5 65+ 5 -- - -
lung surfactant B 42 110+ 5 20+5 115+ 5 30+10 - - - -

Table 3.3 

Comparison of viscoelastic properties for several substances as 

obtained with the standing wave ·method described in chapter 2 

and 3 and the Benjamin?-de Feyter method. Errors given are 

standard deviations. Lung surfactant, obtained from foetal 

lambs, was treated as described in chapter 4, the letters A 

and B refer to two different lambs. The angular frequency 

was 1.05-1.08 rad s-l. 
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CHAPTER 4 

PHYSICAL PROPERTIES OF LUNG SURFACTANT 

4.l The role of lung surfactant 

The role of lung surfactant in alveolar stability was described for the 

Iirst time by Pattle (1955) and somewhat later by Clements (1957). 

Their model is based on the existence of a thin layer of liquid, called 

the lining layer, covering the alveolar walls (a schematic representation 

is given in Fig. 4.J), At the liquid-air interface a monolayer is present • 

.-,~cp.-air 

L--7'~- lung tissue 

X)~~~~::Ç~)('P--- l ining layer 

Schematic representation of an alveolus, 

For an alveolus of radius Rand neglecting tissue,forces, the law of 

Laplace reads: 

(4. 1) 
R 

where !::. p is the pressure difference between the inside and the outside of 

the alveolus and cr the surface tension of the liquid-air interface, 

Assuming R to be 70 µn (the average radius of human alveoli, Ruch and 

Patton 1965) and cr equal to the surface tension of lung surfactant 

( -1 •. 2 2 
about 10 mN m , Schurch et al. 1976), D. p equals 3 10 N m • As this 

value is comparable to the pressure difference created by the muscles at 

the end of normal exhalation, it is concluded that without lung 

surfactant, the pressure difference created by the muscles will not be 

large enough to keep the alveoli filled with air. (More detailed calculations, 

including tissue forces, lead to the same conclusions (Notter and Morrow 

1975, Guyton and Moffat 1981)), 
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The material that forma the monolayer is called lung surf actant and 

can be obtained by certain special techniques (Egberts et al. 1981, 

Wildeboer-Venema 1978). 

Chemical analysis of lung surfactant indicates that phosphatidyl choline 

(PC) is the main component (see Table 4.1) and 80% of it is DPPC 

(dipalmitoyl phosphatidyl choline). 

Substance Abbreviation WT% 
-

phosphatidyl choline PC ·42+7 -
phosphatidyl ethanolamine PE 9+6 -
phosphati dy 1 serine PS "4+1 -
phosphatidyl glycerol PG 4+2 -
phosphatidyl inositol PI 4+1 -
sphingomyelin SPM 7+3 -
cholesterol 15+5 -
ethers =15 

Table 4. 1 

Lipid composition of lung surfactant (Notter and Morrow 

1975, van Galde 1976). 

The study of the properties of lung surfactant until lately dealt mainly 

with the lowering of surface tension as a function of the concentration 

of surfactant molecules at the interface. These studies were performed 

"in vitro" with the Langmuir Wilhelmy method (Gaines 1966, Watkins 1968, 

Wildeboer-Venema 1977, Snik et al. 1978, Egberts et al. 1981, Snik et al. 

1982c). It is generally accepted that layers of lung surfactant in "in 

vitro" studies are physical analogue to these "in vivo" (Notter and 

Morrow 1975), 

It has been shown that premature children who died because of breathing 

troubles, had lung surfactant with abnormal properties, in contrast to 

premature children who died because of other problems (Scarpelli 1968). 

In medical terms the disease caused by the absence of an effective lung 

surfactant is called Respiratory Distress Syndrome (RDS). 

In collaboration with dr. J. Egberts and prof. dr. J. Bennebroek Gravenborst, 

a new research project has conunenced with a grant from the "Nederlandse 

Astma Fonds". The aim of this project is to formulate chemica! and physical 

criteria fór an artificial lung surfactant that is suitable for RDS-patients 
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(Snik et al. l982c). The first results concerning physical measurements 

are presented in the following section. 

4.2 Quasi statie measurements with monolayers of DPPC, cholesterol and 

lung surfactants 

In this paragraph results of the quasi statie measurement of cr versus 

surface area A, are reported. The Langmuir Wilhelmy method (see chapter 1) 

was used. By means of movable barrier, the surface area occupied by the 

monolayer was compressed to a remaining value of 50% to 20% of its 

initial value, which is comparable to the change of surface area of the 

alveoli during deep breathing. The cycling time for the variations was 

60-100 s, in order to ensure a homogeneous value of cr (see chapter 2.2.3). 

For convenience the surf ace pressure n is introduced 

n = crw - cr (4.2) 

where crw is the surface tension of the clean surface (note that 11 and cr 

have similar dimensions). 11-A diagrams can be considered as the two

dimensional analogue of p-V diagrams for gases, The measurements were 

performed with DPPC and cholesterol monolayers at 20 and 37•c and with 

lung surfactant at 37°C. Figure 4.2 shows one of our compression diagrams 

in order to introduce some parameters, which will be useful in the 

discussion of the results. At 11 of about 8 mN m-l a rather flat region. 

Cx
1 

- Cx2, is observed (see Fig. 4.2), which is characteristic fora 

phase transistion of the first order (Defay et al. 1966). Such a transistion 

occurs when the coexisting phases are immiscible. 
-1 

During compression, at high surface pressure (11>60 mN m ) the curve 

becomes less steep and, at point U, the monolayer collapses. At this 

point, 11 approaches the limiting value of 72 mNm-l. (No exact value can 

be given because of the inaccuracy of the Wilhelmy plate method in this 

region. From the two-dimensional phase rule of Defay and Crisp (Defay et al. 

1966) it fellows that the surface pressure,after collapse, should remain 

constant during subsequent compression. The collapse point (U) proved to 

be the limit of reversibility. This means that stopping the compression 

in the reversible region (the region before point U ') and reexpanding up 

to point S, the next compression curve coincides with the first. On the 

other hand, if the first compression is stopped beyond point U (point R is 

the "return point". We get the situation shown in Fig. 4.2; non reversi-
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s 
100 200 

Figure 4.2 

Surface pressure (~) versus surface area (A) of a 

DPPC monolayer ( t = 2o~c). The number of spread 

molecules (n )•1.8 10 16 • Sis the starting point, 
s 

R the return point, U the collapse point, Cx 1-cx2 the 

coexistence region, c1 is the first compression curve, 

e the expansion curve, c2 the second compression 

curve. C and CC are two points on c 1 and c2 respecti-
-1 

vely, at an arbitrary n0 value between 20 and 40 mN m 

bility is demonstrated by the fact that the compression curve c2 
does not coincide with the first curve c 1• 

With the abscis sas AU and AR of the limit and return points• we define 

the exceeding ratio H: 

(4.3) 

For some arbitrary value of 11f>between 20 and 40 mN m-I we get the 

points C and CC on the two branches shown in Fig. 4.2. We introduce 

the loss ratio 

T (4.4) 
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In all experiments with DPPC monolayers, we found that 

H T (4. S) 

from which it is concluded that when point U is exceeded, molecules 

disappear from the monolayer, During the experiments, no return was 

observed, i.e., we deal with irreversible loss. In ether words, a stable 

three-dimensional phase is formed (Watkins 1968, Tabak et al. 1977). 

We can correct for this loss by using the parameter A (area per 
s 

molecule,A = A/n, where n is the number of molecules spread at the 
s s s 

interface) instead of A. Beyond U, the correction comes into effect 

using: 

A = A/ (n ( 1-T)) s s (4.6) 

The observed values of w were plotted against this quantity As' shown in 

Fig. 4.3 and experiments proved that this curve did not depend on the 

choice of the exceeding ratio. 

70 

60 

50 

1 
s 40 

! 
" 30 

20 

10 

0 40 50 60 70 BO 90 100 110 
-20 2 

A5 110 m > 
Figure 4.3 

Surf ace pressure (w) versus surf ace area per molec4le 

(A ) of the DPPC monolayer at 20 't. s 

The full curve proved to be reproducible, demonstrating the reversible 

character of this hysteresis.,The hysteresis loop indicates that 

relaxation processes occur in the monolayer. There are at least two 

44 



relaxation processes, each with a characteristic relaxation time. The 

first of these is a phase transition of the first order (Cx 1-cx2 ; 

Fig. 4.3). This coexistence region shows no perfectiy horizontal curve 

although it should be expected according to the theory of first order 

transi tions (Defay et al. t 966, Motomura 196 7). Motomura ( 196 7) s tated 

that this is due to non equilibrium conditions which means that this 

transition is a rather slow process compared to the compression rate. 

Indeed, we found that the slope of the curve at point Cxl depends on the 

compression rate. 

A second relaxation process is the transition from the monolayer to the 

three-dimensional collapsed phase. This transition is associated with 

a relaxation time, too (Joos 1973). When the surface pressure becomes 

high (~>60 mN m- 1), the compression curve becomes less steep. This may 

be caused by the existence of "embryos", as described by Defay et al. 

(1966). The formation of embryos begins before collapse of the layer. 

These embryos are clusters of molecules capable of acting as condensation 

nuclei during the phase transistion; they break down during expansion 

when the surface pressure decreases. 

The behaviour of cholesterol monolayers differs from those of DPPC 

monolayers in several ways. Figure 4.4 presents one of our ~versus A 

curves for cholesterol. so...-~~~~.,......~~----.~~~----.-~~~ ...... 
R u 
r-------../ 

'a 30 

~ ....... 
i= 20 

10 
Î 

s 
Figure 4.4 0 120 lL.0 160 180 

Surface pressure (~),versus surface area (A) of 

a cholesterol monolayer. The number of spread 

molecules (n )=4.7 10 16 at 20't. For an explanation s 
of the symbols used, see Fig. 4.2. 
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Our first conclusion was that Eq. 4.5 does not hold for cholesterol. 

In particular, we find that T<H, This led to the further conclusion, 

that part of the molecule loss is reversible. Using the parameter A in 
s 

the manner explained above, we obtain the graph shown in Fig. 4.5. 
SQ.--~-,-~~~-.-~~--,.--~~...., 

R .---------J' 
t.O 

D 

t= 20 

10 

Figure 4.5 

Surface pressure (~) versus surface area per 

molecule (A) of a cholesterol monolayer at 20°c. 
s 

In contrast to the results with DPPC,the ~versus As curves proves to be 

non reproducible: the hysteresis depends on the value of the exceeding 

ratio, At the return point R, the monolayer is expanded again; the surface 

pressure decreases, but respreading from the collapsed phase occurs at 

the same time and this requires time (relaxation effect). This relaxation 

process ends at point D. These results can be related to the experiments 

in which an excess of cholesterol molecules on a water subphase leads to 

an "equilibrium spreading surface pressure" (ESP) of 36 mN m-J. During 

compression in our experiment, the surf-ace pressure exceeds 36 mN m- 1 

(see Fig. 4.5); only at ~=42 mN m-I the curve becomes horizontal, which 

is characteristic of a phase transition. The difference in relation to the 

value of ESP might be explained by supersaturation in our case. 

Indeed, when decreasing the compression rate by a factor of 10, the 

horizontal part appears at ~40 mN m- 1• We can explain now why Eq. 4.5 

does not hold by the fact that the molecules which apparently disappear 

during compression are, in reality, stored three-dimensionally and return 

to the monolayer during the following expansion. This collapse mechanism 
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is essentially different from the DPPC mechanism because, as we saw 

earlier, the farmer leads to an irreversible molecule loss whilst the 

latter leads to a reversible storage of molecules. 

If we take monolayers of cholesterol and DPPC with molecule ratios of 

20 to 80 and 10 to 90, Fig. 4.6 shows that cholesterol with these ratios 

is incapable to influence the stable collapse phase built up by the 

DPPC molecules. No difference either in the collapse pressure (n ) or 
c 

"normalized loss ratio" (T/H) is observed in relation to the pure 

DPPC monolayer. 

1.0 x 8 0 

x 
60 ,..... 

0 3 'a u 

t.0 i:= ! 

6 

~ 0.5 
t-

0 

Ü'---'-~'---'-~..__-'-~"---'-~"'---'---' 
O 50 100 mol 0to OPPC 

100 50 0 mol 0 fo chol, 

Figure 4.6 

Normalized loss ratio T/H (O) and the collapse 

pressure n (x) as functions of the molecular ratios 
c 

of cholesterol and DPPC at 2o•c. 

Similar experiments were performed at 37°c and 100% humidiy and lead to 

the same conclusions. 

Taking mixtures with 30 or more molecular percentage of cholesterol, 

Fig. 4.6 shows that an increasing degree of respreading of the collapse 

phase occurs, because the normalized loss ratio decreases. 

In the search for an artificial lung surfactant, respreading of the 

collapsed material is of importance in order to minimize loss of molecules. 

To find out whether a natural surfactant respreads after collapse of the 

monolayer, experiments were performed with a lung surfactant, at 37°C and 

100% humidity. The lung surfactant from foetuses was kindly provided by 

dr. J. Egberts (Akademisch Ziekenhuia Leiden). Surfactant molecules are 

present in amniotic fluid in the form of multilaminar vesicles, called 

laminar bodies. The laminar bodies, isolated from the amniotic fluid 

(Egberts et al. 1981), spread spontaneously to forma monolayer, when 

put on to the surf ace of water at 37 -C. 
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Fig. 4.7 shows an versus A plot of such a monolayer. The normalized loss 

ratio was 0.5, showing that respreading occurs though at a slow rate 

(cycling time of SOs). 

l.O 

30 

•s 
~ 20 
......, 

10 

Si 
0 250 

Figure 4.7 

Surface pressure (~) versus surface area (A) of a lung 

surfactant monolayer. The surfactant was isolated 

from human amniotic fluid obtained at normal birth. 

T=37 "'c and humidity was 100%. For an explanation of 

the symbols used, see Fig. 4.2. 

After waiting for one minute between the two compression-expansion cycles, 

complete respreading was observed, With "in vivo" studies, loss of 

surfactant molecules has been reported, too (Scarpelli 1968). We notice 

that ~ has a significantly lower value than 70 mN m-I which is 
c 

the value for DPPC at 37°C. This observation has also been reported 

by others (Wildeboer-Venema 1977, Reifenrath et al. 1981). We conclude 

that the physical properties of lung surfactant,studied here compare 

well with cholesterol-DPPC mixtures of 50-50 molecule %, 

4.3 PY:n:amic measurements on lung surfactant 

Knowledge of viscoelastic (dilatational) surface properties is important 

in order to 

i characterize the thermodynamic phase of the layer (Joos 1973, Bangham 

et al. 1979): high g v~lues mean rigid layers, low values mean 

fluid or gaseous layers, 

ii study reversible relaxation processes occuring in the monolayer, 
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e.g., diffusion of surfactant molecules to/from the bulk fluid 

(see par. 2.5.2), supersaturation (see par. 4.2), etc •• 

In our project concerning the formulation of criteria for an artificial 

lung surfactant, measurements of e:d and nd values are very important. 

Additionally, these values are essential for making mechanic models 

of the complete lung (Ruch and Patten 1965, Notter and Morrow 1975) 

or for models of the alveolar layer (Notter and Morrow 1975, Guyton 

and Moffat 1981). Nevertheless to our knowledge to e:d or nd values 

obtained from lung surfactant under dynamic conditions have been reported 

yet. 

The lung surfactant used in our experiments was obtained from human 

amniotic fluid (see par. 4.2) or from lung fluid (obtained by tracheotomy 

on sheep foetuses, Egberts et al. 198!). Dilatation experiments were 
-! performed with the Benjamins-de Feyter method (see par. 3.4.3), w =l.08rad s 

äl-37~. Thea value (here we use a instead of~= a =a -~)was varied e _
1 

e w e 
between 40 and 70 mN m by spreading certain amounts of the laminar 

body material over the surface. 

For comparative purposes, the results obtained from DPPC monolayers under 

similar conditions are given too. In Fig. 4.8 results of the measurements 

are shown as plots of e:d and nd versus cre' 

We see that the viscoelastic properties of biological surfactants and 

DPPC are in the same order of magnitude. With decreasing a we see an 
e 

almost proportional increase of e:d value: the layers become more rigid. 

Such a behaviour is expected when phase transistions are absent: phase 

transition lead to discontinuities in the e:d 

Surface viscosity values are small. For high 

is observed between lung surfactant and DPPC 

versus cr plots (Joos 1973). 
e 

a values a difference 
e 

resul ts. 

The results presented here are the first values of e:d and nd using 

biological surfactant. 

In separate experiments e:d and nd values were obtained as a function of 

foetal age for an arbitrarily fixed value of a • The lung fluid of a 
e 

sheep's foetus was obtained daily over a period of 12 days (foetal 

age 127-138 days). The chemical composition of the laminar bodies 

of these unborn lambs has been studied intensively by dr. J. Egberts 

et al. (1981). He had shown that a significant change occurs at about 

day 130 of foetal development. Such a change correlated with the 

appearance of RDS: lambs bom before day 130 had a high probability to 

suffer from RDS whilst lambs bom later would not. In clinical 
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The surface dilatational prope.rtie.s of human (x), 

she.e.p (0) lung surfactants and of DPPC (x) all as 

functions of cr at 37 't, The biological surfactants 
e 

we.re obtained from foetuses with mature. lungs. 

laboratorie.s, chemica! tests are performed to determine the maturity 

of the foe.tal lungs. As these tests are very time-consuming and not 

always reliable in several pathologie situations (e.g. diabetes), 

ed and nd values were investigated in order to see if they could be 

used as an alternative parameter to characterize lung maturity. 

In Fig. 4.9 values of ed and nd versus foetal age are plotted. 

We see that a significant decrease in both ed and nd values occurs 

around day 133, which agrees with the results obtained by the chemical 

analysis (J. Egberts, private communication). 
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Figure 4.9 
The surface dilatational properties as a function of 

foetal age, obtained from monolayer experiments with 
-1 

the lung surfactant from a sheep's foetus, cr =53 mN m , 
-1 e 

ro=l.08 rad s , T=37"t. For the result at day 130, the 

experimental errors, which are similar for all the 

measured points, are shown. The lines drawn represent 

the average values before and after day 133. 

We conclude that this method for determining lung maturity seems very 

promising. 
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CHAPTER 5 

THE ELASTICITY OF NERVE MEMBRANES 

5.1 Application of monolayer results to bilayers 

Results of measurements on monolayers can be applied to bilayers (e.g. 

cell membranes) because they consist of two monolayers. They are combined 

in such a way that the hydrophobic sides contact each other (see Fig. 5.1). 

water water 

The representation of a bilayer diagrammatically. 

It is obvious that the theory of longitudinal waves as presented in 

chapter 2 is valid for these interfaces too. We have to take into 

consideration that in the case of bilayers we deal with a liquid-liquid 

interface; motion or deformation of the interface will be accompanied by 

motion in both liquids. In this case, Eq. 2.12 becomes 

(5. l) 

where ni and nz are the viscosities of the liquid on either side of the 

bilayer. Assuming that nj=n;=n', the dispersion equation becomes 

(5. 2) 

(index b stands for bilayer) 

Separating this equation into real and imaginary parts and comparing the 

result with that fora similar separation of Eq. 2.13 leads to 

~" n K 
m (5.3) 4 

1\ n 6m 
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(index m stands for monolayer). Eqs. 5.2 and 5.3 make it possible to 

translate results from monolayer experiments to bilayers. 

5.2 Nerve cells 

Nerve cells, as the essential part of the nervous system are able to 

transport signals. This transport.ation occurs in the form of electric 

waves along the membranes as described by Hodgkin and Huxley (Ruch and 

Patton 1965). These waves consist of propagated transmembrane potential 

variations. Fig. 5.2 shows such a potential variation as a function of 

time, called an action potential. 

30 

0 

-100 

2 
Hmsl 

Figure 5.2 

Representation of an action potential diagrammaticaly. 

VtO is the resting potential. 

We see that after an undershoot, the potential has returned to its resting 

value VtO after approximately 2 ms. Subsequently, the membrane is able 

to conduct another action potential; therefore, the maximal firing 

frequency of action potential is about 500 Hz. 

It is of interest to study whether, besides the electric waves, mechanic 

waves play apart in transmitting signals (Haines 1979, Snik et al. 1982b). 

For this purpose, we performed experiments on monolayers with such waves 

having frequencies up to 500 Hz. These monolayers consisted of a 

mixture of different lipids from nerve tissue (Folch V fraction, brain 

extract, obtained from Sigma). After adding 40 (weight) % of cholesterol, 

the composition is comparable to that of the trigeminal nerves of garfish, 

as reported by Chacko et al. (1972). 

The experiments were performed at 2o•c +l-C. 
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5.3 Longitudinal waves in nerve membranes 

For the present measurements, the high-frequency set-up described in 

chapter 2.4, was used with a Langmuir trough of 50x10xl.5cm. 

The active barrier (stainless steel, waxed with paraffin, 12 cm wide) 

was driven by the coil of a loudspeaker (Philips 7910M). The loudspeaker 

was connected with an a.c. supply (wave generator and amplifier). 

Frequencies of up to 500 Hz were used; the amplitude of the barrier was 

calibrated; amplitudes between 5 and 20 lJlll were used. The receiving 

probe consisted of the passive barrier (stainless steel, waxed with 

paraffin, 5 cm wide, mass 0.2 g) glued to the needle of an electrodynamic 
-3 -1 ' 

pick-up element (Shure M75 compliance approx. 40 10 m N .) The 

receiving probe was mounted on a carriage moving in the x direction at 
-4 -1 a constant speed of 3 JO m s • G was recorded continuously as a 

function of the related position (see Eq. 2,53). The arrangement is 

shown in Fig. 2.9. 

Monolayers of dipalmitoyl phosphatidylcholine (DPPC), cholesterol, 

nerve lipid extract and a mixture of this extract and cholesterol 

(60:40 weight %) were studied. 

The equilibrium surface tension (cre) during the experiments was 
-1 

selected as 32 mN m • except in 

reach such low values, for which 

the case of cholesterol which cannot 
-1 37 mN m was selected. Measurements 

were performed on cholesterol and DPPC monolayers in order to compare 

our results with those of other authors. 

Fig. 5.3 shows the K values as a function of frequency for several 
m 

monolayers after an analysis of the measurements given in chapter 2.4. 

The B/K ratio was 0.41 throughout, which indicates that there is no 

surface viscosity, in other words nd=O. In Fig. 5.3, a comparison is 

shown for the measured points and lines representing the theory of 

Eq. 2.13. For these lines, the values of ed were those listed in 

Table 5. 1. 

As a comparison, the results of other authors are listed in this table 

too. 
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Wave number (K ) as a function of frequency obtained 
m 

with cholesterol (4). nerve lipid extract (•) and lipid 

extract-cholesterol (•) monolayers. The lines were 

calculated with Eq, 2.13 using the ed values listed in 

Table 5.1. 

Surface elasticity (N m-I) 

Component Present Lucas sen Pasechnik and Servuss 
results ( 1968) Kuznetsova(l977) (1976) 

Cholesterol 2.5 l.8 
+0.4 -

et al 

Phosphatidyl choline 0.40 o. 15 0.3 0.6+0.1 +0.05 --
Nerve lipid extract o. 17 

+0.03 -
Lipid extract- 1.0 

cholesterol +O. 1 -
Table 5.1 

Measured surface elasticity moduli of several surface active 

components. As a comparison. literature values are also presented. 

The indicated errors are standard deviations. 
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We conclude that the results are sufficiently alike. (Pasechnik and 

Servuss obtained their values from experiments with bilayers using 

totally different measuring techniques.) 

Now that we know that the monolayers behave elastically, it is thought 

interesting to calculate some properties of longitudinal waves in 

bilayers to see whether similar waves occur in bilayers too. 

The velocity, vg = wKb-l, of a longitudinal wave in nerve lipid extract

cholesterol bilayers is calculated for frequencies between 50 and 500 Hz 
-1 to be 5~7ms • This value lay within the range of velocities for signal 

transmission in nerves (Ruch and Patton 1965). In addition, we calculated 

that the distance that such a wave can travel before it is damped by 50% 

lay between 2 cm (for 50 Hz) and 6 mm (for 500 Hz). We suggest that 

longitudinal mechanical waves might play a part in the transport of 

information over a distance of several millimeters. 

Recently, Tasaki and Iwasa (1980) and Hill et al. (1977) reported 

mechanical changes associated with the propagation of action potentials 

in isolated nerve cells (fibres) in a salt solution. These mechanical 

changes consisted of a change in diameter and shortening of the nerve 

fibre, as well as a change in the "swelling pressure", all within a time 

period of about ms concurrent with the propagation of an action potential. 

These phenomena might be explained by the existence of longitudinal 

waves in the membrane of nerve fibres (Snik et al.1982b). 

On smaller scale, longitudinal waves may play apart too. Transport of 

ions across membranes makes use of special proteins that form ionic 

channels across the membrane. These channels are largely closed, but 

opening the channels can be caused by a relative change in the diameter 

of the ionic channel by 1%-1%. (Pasechnik 1977 ). On the other hand, 

it was reported that the transport of an ion can cause a relative change 

in diameter of the ionic channel by 50% (Koeppe et al. 1979). Such 

ionic channels might co1lllIIUnicate by means of mechanical (longitudinal) 

waves through the membrane. 
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CHAPTER 6 

SURFACE POTENTIAL MEASUREMENTS 

6.1 The statie capacitor method 

The statie capacitor method was developed in our laboratory to perform 

measurements concerning the dipolar moments of surf actant molecules 

(Venselaar et al. 1979). These dipolar moments indnce an electric field, 

characterized by a potential dif ference across the interface (Aveyard and 

Haydon 1973, Pethica et al. 1975). Usually, the potential difference is 

referred to as the surface potential V (Aveyard and Haydon 1973). In 

addition to the statie capacitor method, the conventional ionizing gap 

method was used to measure V. The best feature of electric measurements 

with monolayers using the statie capacitor method is the broad frequency 

.range in which these measurements can be performed. For a description 

of the statie capacitor method, the circuit diagram given in Fig. 6.1 

shall be examined. 

Ap Op 
~""";r========------------

ka Cpar 

Fig. 6. l 

The statie capacitor, circuit diagram. 

In this figure, the monolayer molecules are characterized by their 

effective dipolar moment per molecule, s, where s•Qmlm' by which we 

mean that a monolayer molecule bas charges + ~ and - Qm at a distance 

1 apart (the subscript m stands for "monolayer"). m . 
Above the water surface, a metal plate of area A (subscript p stands 

p 
for "plate") is mounted at a distance 1 (subscript a stands for "air") 
. a i 

from the water surface (1 is much smaller than A ~). The combination 
a P 

of the metal plate and the water surface is considered as the statie 

capacitor. The voltage difference V of this capacitor is measured with 
p 

an electrometer-type voltmeter. The input impedance of the meter is 
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characterized by R and C . Q represents the electric charge on the 
e e p 

plate. Em and Ea stand for the electric field strengths in the monolayer 

and in the air gap between the plate and the monolayer, respecitively. 

From Maxwell's laws we obtain for the dielectric displacements in the 

air, Da' and in the monolayer, Dm: Da= Dm from which it follows that 

(6. l) 

where n stands for the number surface density of monolayer molecules and 

e:
0 

fo·r the permittivety of vacuum. Furthermore, 

and 

v 
p 

e:
0
E A 

a p 

E 1 + E 1 
a a mm 

The characteristic time T of the circuit is given by 

R {C + C + Ce} e par 

(6.2) 

(6. 3) 

(6. 4) 

where C(=e:
0

A }1 ) stands for the capacitance of the statie capacitor. and 
P a 

C for the capacitance of parasitic capacities. Substituting the par 
characteristic values for Re and C-'s in Eq. 6.4 provides a T value 

about 50 times higher than the time interval needed for one series of 

measurements. We consider the variations in V to be due to the monolayer. 
p 

neglecting the effect of leakage currents. The total charge on the capacitors 

Q
8 

can be written as 

(6.5) 

er 

Q = V (C + C + C ) s p e par p (6.6) 

Combining Eqs. 6. 1 , 6. 2 and 6. 3 produces 

v 
Qs 

(1 + 1 ) - sh 
p e:OAp m a e:o 

(6. 7) 
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using 1 «l , and combining Eqs. 6. 6 and 6. 7 gi ves 
m a 

v 
p 

(6. 8) 

At the start of an experiment, Vp is made zero by short-circuiting the 

electrometer; this means that Q (t=O)=O and, because of the absence of 
s 

leakage currents, Qs remains zero during the experiment. Next, a monolayer 

was spread. Eq. 6,8 leads to 

v p 
{ 1 + 1 } 

a 
(6.9) 

When measuring the value of V caused by the presence of the monolayer, 
p 

Eq. 6.9 was used to calculated the effective dipolar moment, s ("effective" 

because only the component of s normal to the surf ace is measured, and 

because the shielding effect of water molecules and ions in the water is 

incorporated in the s value). To compare the results obtained from this 

method and those obtained from the ionizing gap method, the later method 

will briefly be described (Aveyard and Haydon 1973). In this method, 

the air between the plate and the liquid was ionized by placing a 

radio-active source in the vicinity of the plate. We can account for 

this conduction by using la=O and Ea=O. Besides, use was made of a 

compensation voltage source, the voltage Vc of which was varied until 

the. electrometer read zero (Aveyard and Haydon 1973), in which case 

Eqs. 6.1 and 6.3 can be revised to 

v 
p 

- v 
c 

(6. 10) 

6.2 Measurements with the statie capacitor and ionizing gap methods 

The effective dipolar moments were measured usi_ng both the statie 

capacitor method and the ionizing gap method in order to compare them. 

The metal plate, measured 3 J0-3m2 and it could be adjusted to any 

value of 1 between 0.3 and 10 nun. A cathetometer was used to check a 
whether the position of the plate was horizontal. The distance 1 was 

a 
c.alculated from the capaci ty measurements. Potentials we re measured 

with a Keithly 602 electrometer. Use was made of an aluminum trough 

which was paraffined. The Teflon trough used in the experiments 

described before,could not be applied since statie charges built up on 

Teflon easily which disturbed the measurements. 
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As explained before, a monolayer was spread. with molecule density n, 

after which variations of n were achieved by compressing the monolayer 

with a movable harrier. V was read sufficiently long after an change 
p 

of n to ensure that conditions were stationary. In this way, monolayers 

of DPPC and dipalmitoyl phosphatidyl ethanolamin (DPPE) were studied. 

DPPC was treated as described in chapter 3 and DPPE as described by 

Standish et al.(1968). The water in each case contained 0 .02 M KCl 

and was connected with the electrometer via a standard calomel electrode. 

The values of the capacities used in Eq. 6.9 were measured with a 

Universal TF 2700 bridge. The entire experimental apparatus was placed 

in a Faraday cage. Also experiments were performed with.the ,ionizing gap 
. -4 method,where the metal plate was replaced by a plate of 3 JO , 

. f d' . . 1 (226 8 • ) . . carry1ng an amount o ra 10-act1ve mater1a Ra, µ Curie • With th1s 

source, the resistance of the air gap was about 200 times less than 

Re and could be taken as negligible. Fig. 6.2 shows plots of the s values 
-1 

as a function of the surface area per molecule A
8

(=n ). 

2.5.-.---~---.----,---,-----. 

2.0 

Ê 
u 1.5 

0 
M 
's;? 

"' 

1.0 

Fig. 6.2 

Effective dipolar moment (s) as a function of As obtained with the 

statie capacitor method (x and + points) and the ionizing gap 

method (0 and a points) .for DPPC (O and x points) and DPPE 

molecules (Gand +points}. Experimental errors are the same 

for all measured points. The point marked 9' represents the value 

reported by Watkins (1968) as obtained with a DPPC monolayer, the 

point marked .tl. represents the value reported by Standish and Pethica 

(1968) obtained with a DPPE monolayer, T•20°C. 
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From this figure, it was concluded that, within experimental error, the 

results of the two methods agree with one another. Twa values from 

literature are shown in the figure, too, and the agreement is satisfactory. 

Since the statie capacitor method is more elementary, i.e., no radiation 

or compensation source is necessary, this method is considered to be 

the more suitable one. An important advantage of performing electric 

measurements with the statie capacitor method is its applicability to 

dynamic studies over a wide range of frequencies. The lower limit of 

frequency is determined by the time of discharge of the capacitors 

through Re (see Eq •. 6.4), the upper limit is determined by the transfer 

function of the electrometer used. Therefore, in principle, electric 
-4 +5 -1 phenomena with w values between 10 and 10 rad s can be studied 

with this method. 

6.3 Electric detection of longitudinal waves 

In this paragraph, the application of V (t) measurements for detecting 
p 

longitudinal waves will be discussed. Such measurements were performed 

to determine the K and a Values for longitudinal waves in decanoic acid 

monolayers. Longitudinal waves in these layers were studied too, with 

the Wilhelmy plate method and the tracer particle method (see chapter 

2.5.2). V was measured at different x-positions in the trough and 
p 

recorded together with the harrier motion t;,(t) using a x-t recorder. 

The amplitudes and phase differences of these two signals were calculated 

from recordings as a function of x, using at least 10 periods. In Fig. 

6.3 the logarithm of the amplitude and the phase difference of V is 
p 

shown. The measured points lie on straight lines, indicating a single 

travelling wave. Therefore, the K and 8 values are obtained directly 

from the slope of these lines. In Table 6.1, K and 8 values are listed 

and compared with those obtained from the u(x,t) measurements. 
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The ln(mod V ) and arg V as a function of 
p p 1 

x/L obtained with a decanoic 
-1 acid monolayer, a = 51 mN m and w = 2.62 rad s • Curves marked Á 

e 
and • refer to two different measurement series. 

equilibrium angular results from u(x,t) results f rom V (x,t) 
surf ace frequency measurements measurements p 

tension -1 13(m-1) -1 13(m-I) 
-1 -1 K(m ) K(m ) 

mN m rad s 

51 2.62 9.8+0.3 5.3+0.2 8.9+0.9 5.3+0.3 - - -
51 5.24 17.7+0.5 7.6+0.8 14 +0.5 6.2+0.8 - - - -
54 2.62 10.2+0.5 5.3+0.2 10 +1 7 +3 - - - -

Table 

Real wave number (K) and damping coefficient (13) obtained 

from decanoic acid monolayers using different detection methods. 

The inaccuracies result from the linear regression procedure. These 

values exceed the experimental errors calculated from the specifications 

of the equipment used. This was due to instability of the voltmeter 

readings; its cause was not fully understood. In Table 6.1, the K and 13 

values obtained from V (x,t) measurements are less accurate than those 
p 

obtained from u(x,t) measurements: this finding, together with the fact 

that V (x,t} measurements could not be used when the surfactant molecules 
p 

had small dipolar moments (e.g. cholesterol),are the reasons why this 

method has not been adopted as a standard method in our laboratory. 

62 



REFERENCES 

·Aveyard, Ri. and Haydon, D.A. (1973) "An Introduction to the Principles of 

Surface Chemistry." Cambridge University Press, London 
0 Bangham, A.D., Morley, C.J. and Phillips, M.C. (1979) Physical properties 

of artificial lung surfactant. Biochim. Biophys. Acta 573: 552-556 

•Benjamins, J., de Feyter, J.A" Evans, M.T.A. and Phillips, M.C. (1975) 

Dynamic and statie properties of proteins absorbed at the air-water 

interface. Trans. Faraday Soc. 71:375-383 
.Chacko, G.K., Goldman, D.E. and Pennock, B.E. (1972) Composition and 

characterisation of lipids of garfish olfactory nerve. Biochim. Biophys. 

Acta 280: 1-16 

.clements, J.A. (1957) Surface tension of lung extracts. Proc. Soc. Exp. 

Biol, and Med. 95: 170-177 

.crone, A.H.M., Snik, A.F.M., Poulis, J.A. and van den Tempel, M (1980) 

Longitudinal surface waves in the study of surfactants. J, Colloid 

Interface Sci. 74: 1-7 

• Defay, R., Prigogine, I., Everett, D. and Bellemans, R. (1966) 

"Surf ace Tension and Absorption". Longmans, London 

• Egberts, J., Fontyne, P., and van der Weyden, G.C. (1981) Premature 

changes in surface activity in lung fluid of fetal lambs. Europ. J. 

Obstet. Gynec, Reprod. Biol. 12: 59-67 

• Feyter de, J.A. (1979) The propagation of surface shear waves. 

J. Colloid Interface Sci. 69: 375-383 

• Gaines, G.L. (1966) "Insoluble Monolayers at Liquid-Gas Interfaces". 

Interscience, New York 

• Golde van, L.M.G. (1976) Metabolism of phospholipids in the lung. 

Am. Rev. Resp. Dis. 114: 977-1000 

• Goodrich, F.C. (1979) Rheological properties of fluid interfaces, in 

"Solution Chemistry of Surfactants" Plenum Press, New York: 738-747 

, Guyton, A.C. and Moffatt, D.S. (1981) Role of surface tension and 

surfactant in the transepithelial movement of fluid and in pulmonary 

edema. Progr. Resp. Res. 15: 62-75 (Karger, Basel) 

• Haines, T.H. (1979) A proposal on the function of unsaturated fatty 

acids and ionic lipids. J. Theor. Biol. 80: 307-323 

• Hill, B.C., Schubert, E.D. and Nokes, M.A. (1977) Laser interferometer 

measurement of changes in grayfish axon diameter concurrent with 

action potential. Science 196: 426-428 

63 



• Houkes, z. (1981) Measurement of speed and time headway of motor vehicles 

with video camera and computer, in "IFAC Digital Computer Applications 

to Process Control" Pergamon Press, Oxford: 231-237 

• H.!ird, S. and Neuman, R.D. (1981) Laser light-scattering measurements 

of viscoelastic monomolecular films. J. Colloid Interface Sci. 83: 

315-334 

• Ivanov, I.B. and Dimitrov, D.S. (1974) Hydrodynamics of thin liquid 

films. Colloid Polymer Sci. 252: 982-990 

• Jacobs, J.C., Buuron, A.J.M., Renders, P.J.M. and Snik, A.F.M. (1981) 

Surface potential measurements of insoluble monolayers using the 

statie capacitor method. J, Colloid Interface Sci. 84: 270-2~1 

• Joos, P. (1973) The elasticity of insoluble monolayers, in 

"Berichte vom 6. Int. Kongress fÜr Grenzflächen Active Stoffe". 

Carl Ranser Verlag, München: 113-122 

.Koeppe, R.E., Berg, J.M., Hodgson, K.O. and Stryer, L. (1979) 

Gramaticidin A crystals contain two cation binding sites per channel. 

Nature 279: 723-725 

• Lucassen, J. (1968) Longitudinal capillary waves. Trans. Faraday Soc. 

64: 2230-2235 

.Lucassen, J. and van den Tempel, M. (1972a) Longitudinal waves on visco

elastic surfaces. J. Colloid Interface Sci. 41: 491-498 

• Lucassen, J, and van den Tempel, M. (1972b) Dynamic measurements of 

dilatational properties of a liquid interface. Chem. Eng. Sci. 27: 

1283-1291 

• Lucassen, J. and Barnes, G. (1972c) Propagation of surface tension changes 

over a surface with limited area. J. Chem. Soc. Faraday Trans.I 68: 

2129-2138 

.Lucassen-Reynders, E.H. and Lucassen, J, (1969) Properties of capillary 

waves. Adv. Colloid Interface Sci. 2: 347-395 

• Maru, H.C. and Wasan, D.T. (1979) Dilatational visco-elastic properties 

of fluid interfaces. Chem. Eng. Sci. 34: 1295-1307 

.Motomura, K. (1967) Thermodynamics and phase transitions in monolayers. 

J. Colloid Interface Sci. 23: 313-320 

.Notter, R.H. and Morrow, P.E. (1975) Pulmonary surfactant: a surface 

diemistry viewpoint. Ann. Biomed. Eng. 3: 119-159 

.Pasechnik, V.I. and Kuznetsova, Y.S. (1977) Dependence of the modulus 

of elasticity in the plane of the membrane on the value of its deformation. 

Biofizika 22: 941-942 

64 



"Pasechnik, V.I. (1977) Problems of the transformation of energy in 

the mechanoreceptors. Biofizika 22: 1024-1029 

.Pattle, R.E. (1955) Properties, function and origin of the alveolar 

lining layer. Nature 175: 1125-1126 

.Pethica. B.A. et al. (1975) The significance of Volta and compensation 

states and the measurement of surface potentials of monolayers, in 

"Monolayers" ed. J.D. Goddard, Am. Chem. Soc., Washington D.C.: 123-134 

.Reifenrath, R., Vatter, A. and Lin, C. (1981) Surface properties of 

pulmonary surfactant. Progr. Resp. Res. 15: 49-56 (Karger, Basel) 

.Ruch, T.C. and Patton, H.D. (1965)"Physiology and Biophysics" 

W.B. Saunders, Philadelphia 

• Scarpelli, E.M. (1968) "The Surfactant System of the Lung" Lea and 

Febiger, Philadelphia 

.SchÜrch, S., Goerke, J. and Clements, J.A. (1976) Direct determination 

of surface tension in the lung. Proc. Natl. Acad. Sci. USA 73: 4698-4702 

• Servuss, R.M., Harbich, W. and Helfrich, W. (1976) Measurement of the 

curvature-elastic modulus. Biochim. Biophys. Acta 436: 900-903 

.slattery, J.C. (1974) Interfacial effects in the entrapment and 

displacement of residual oil. AIChE J. 20: 1145-1154 

.Snik, A.F.M., Kruger, A.J. and Joos, P. (1978) Dynamic behavior of 

monolayers of dipalmitoyl lecithin and cholesterol. J. Colloid Interface 

Sci. 66: 435-439 

.Snik, A.F.M,, Crone, A.H.M. and Joos, P. (1979) Dynamic behavior of 

surfactants. J. Colloid Interface Sci. 70: 147-148 

.Snik, A.F.M., Massen, C.H. and de Feyter, J.A. (1982a) Physical 

properties of lung surfactant. Annual Report, Dutch Foundation for 

Biophysics, Den Haag: 263-268 

.Snik, A.F.M., Beumer, T.A.M. and Poulis, J.A. (1982b) Measurements of 

the elasticity of monolayers consisting of lipids from nerve membranes. 

Biochim. Biophys. Acta 689: 346-350 

• Snik, A.F.M. and Egberts, J. (1982c) Fysische eigenschappen van long 

surfaktant en de betekenis ervan voor de stabiliteit van de alveoli. 

Paper presented at "Biofysica 50" symposium, Eindhoven 

.Snik, A.F.M., Kouyzer, W.J.J., Keltjens, J.C.H. and Houkes, z. (1982d) 

The measurement of dilatational properties of liquid interfaces. J, 

Colloid Interface Sci. accepted for publication 

.standish, M.M. and Pethica, B.A. (1968) Surface pressure and surface 

potential study of a synthetic phospholipid at the air-water interface, 

Trans. Faraday Soc. 64: 1113-1124 

65 



.Steinchen, A., Gallez, D,and Sanfeld, A. (1982) A viscoelastic approach 

to thermodynamic stability of membranes. J, Colloid Inçerface Sci. 85: 

5-15 

.Stumpf, F.B. (1980) "Analytical Accoustics" Ann Arbor Science Publishers, 

Ann Arbor, Michigan • 

• Tabak, S.A" Notter, R.H. Ultman, J.S. and Dihn, S.M. (1977) Relaxation 

effects in the surface pressure behavior of dipalmitoyl lecithin. 

J. Colloid Interface Sci. 60: 117-125 

.Tasaki, I. and Iwasa, K. (1980) Shortening of nerve fibers associated 

with propagated nerve impulse. Biochem. Biophys, Res, Commun. 94: 716-720 

.Tempel van den, M. (1979) Surface rheology. J, Non-Newtonian Fluid 

Mech. 2: 205-219 

• Vassilev, P.M., Taneva, S., Panaiotov, I. and Georgiev, G. (1981) 

Dilatational viscoelastic properties of tubulin and mixed tubulin-lipid 

monolayers. J. Colloid Interface Sci. 84: 169-174 

• Venselaar, J.L.M., Verbakel, L.M.H. and Poulis, J.A. (1979) The statie 

capacitor method of measuring the effective dipole moment of surfactant 

molecules. J, Colloid Interface Sci. 70: 149-152 

.Watkins, J.C. (1968) The surface properties of pure phospholipids in 

relation to those of lung surfactant. Biochim. Biophys. Acta 152: 293-306 

.Wildeboer-Venema, F (1978) A model for the study of the physical 

behavior of the lung surfactant system in vitro. Respir. Physiol. 32: 

225-237 

66 



SUMMARY 

Surfactant molecules, being amphiphilic, form mono•(molecular) layers 

when put on to a liquid-gas interface. These layers greatly influence 

interfacial properties, e.g. the surface tension; therefore, they play 

an ~mportant part in technological processes such as foaming and 

emulsification. In physiology, their importance in lung stability 

has been recognized. 

For two decades, the dynamic behavior of monolayers has been a subject 

for scientific research, initiated, amongst others, by workers at 

Unilever Research Laboratories in Vlaardingen. The research work 

presented in this thesis is closely related to their work concerning 

the visco-elastic properties of monolayers under pure dilatation. 

The technique used was based on the propagation of longitudinal waves 

in monolayers which depended on the dilatational properties. 

In our laboratory, two methods were developed for the detection of 

such waves, viz.: 

i the tracer particle method, implying the measurement of the local 

ve1ocity of a monolayer with small glass tracer particles 

ii the statie capacitor method, implying measurement of the local 

density of dipoles (in the case of dipólar surfactants) 

We used the tracer particle method in combination with the Wilhelmy ·plate 

method which measured local variations in surface tension. Experiments 

were performed using a long, narrow rectangular trough filled with water, 

A harrier was mounted at one end; moving it sinusoidally in the plane 

of the surface generated a.'1.ongitudinal surface wave with a frequency 

smaller than 1 Hz. From our measurements with both cholesterol and 

decanoic acid monolayers, it was concluded that the two detection methods 

gave similar results. Furthermore0 imperfect transmission of motion from 

the barrier .to the monolayer was observed. In literature, this transmission 

is always assumed to be perfect. 

Another matter of concern not dealt with in literature, was the 

influence of the non-moving side walls of the trough. These walls should 

introduce shear stresses but, in the case of cholesterol and decanoic 

acid monolayers, these shear stresses were negligible, in contrast to the 

experiments with layers of dipalmitoyl phosphatidyl choline, which is 
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the main component of lung surfactant. 

To cope with this problem, we developed a theory which covered both 

the shear and dilatation effects. We concluded that the implication of 

shear led to corrections for the dilatational properties of more than 

10%, in the case of dipalmitoyl phosphatidyl choline. 

The statie èapacitor method is an all~electrical method, in contrast to 

the tracer particle method and Wilhelmy plate method it is not 

restricted to low frequencies. 

Though the results of this detection method agreed with those of the 

other two detection methods mentioned, the statie aapacitor method was 

less suitable due to its high sensitivity to fluctuating statie charges 

in the environment. 

Based upon our experiences, three designs were developed whicb were 

thought to be suitable for operation with inexperienced workers. 

In these designs, there were no non-moving walls, so we eliminated 

shear. Using one of these designs to measure monolayers of synthetic 

surfactants as well as the lung surfactant of foetuses (isolated 

from amniotic fluid), we found that the results compared well with the 

results obtained with the methods described previously. 

In addi tion, i t was concluded that the dilatational properties of lung 

surfactant depended very much on the foetal age. 

Measurements with longitudinal surface waves in the frequency range of 

50 to 500 Hz were performed with the set-up described by Lucassen. In 

this case, the harrier was driven by a loudspeaker, the wave,was detected 

by measuring the velocity of a second harrier hanging at a certain 

distance from the oscillating harrier. Our method of data processing 

differed from that of Lucassen, since we took into account reflections 

of the wave at the harriers. Monolayers consisting of lipids extracted 

from nerve cell membranes were studied. We found that the monolayers 

over the complete frequency.range exhibited purely. elastic behaviour: 

the longitudinal waves were propagated with minimal damping. 

The visco-elastic properties of bilayers (e.g. cell membranes) could 

be derived from these monolayers experiments and we suggested that in 

these layers longitudinal waves might play a part in transporting 

information. 
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SAMENVATTING 

Surfaktant molekulen bestaan uit een hydrofiel en hydrofoob gedeelte. 

waardoor ze mono (molekulaire) lagen vormen aan lucht-water grensvlakken. 

Ze beinvloeden sterk de grensvlak eigenschappen, bijvoorbeeld de oppervlakte 

spanning, en spelen daardoor een belangrijke rol bij technologische 

processen, zoals schuim-en emulsie vorming. In de longen komen ook 

monolagen voor, ze dragen bij tot de stabiliteit van de long-blaasjes. 

Gedurende de laatste decennia staat het onderzoek naar het dynamische 

gedrag van monolagen in de belangstelling. Medewerkers van het 

Unilever Research Laboratorium te Vlaardingen hebben op dit gebied 

essentiele bijdragen geleverd. Het onderzoek beschreven in dit proefschrift 

sluit aan bij hun werk betreffende de visko-elastische eigenschappen 

van monolagen bij zuivere rek (ook wel dilatatie genoemd), De gebruikte 

meetmethode is gebaseerd op de voortplanting van een gegenereerde 

longitudinale golf in de monolaag; deze voortplaning hangt af van genoemde 

eigenschappen. 

In ons laboratorium zijn twee methoden ontwikkeld, bedoeld om de golf 

te detekteren: 

i de tracer methode: hierbij wordt de lokale snelheid van de monolaag 

gemeten.met behulp van kleine glazen tracer deeltjes 

ii de statische kapaciteitsmethode: hierbij wordt de lokale dipool dicht

heid gemeten (bruikbaar voor surf aktant molekulen met meetbaar dipool 

moment), 

De tracer methode is toegepast in experimenten tesamen met de konventionele 

Wilhelmy plaat methode, welke lokale variaties in oppervlakte spanning 

meet, Hierbij is gebruik gemaakt van een lang\.7erpige bak gevuld met 

water. Aan een van de korte zijden was een barriere gemonteerd, welke 

horizontaal in het wateroppervlak, sinusvormig bewoog, aldus een longitu

dinale oppervlakte golf genererend (frequentie kleiner dan l Hz). 

Aan de hand van metingen met cholesterol en decanol zuur monolagen hebben 

we gekonkludeerd dat beide detektie methoden vergelijkbare resultaten 

gaven. Daarnaast hebben we korrekties afgeleid voor de niet-ideale over

dracht van de beweging van de barriere naar de monolaag. In de literatuur 

wordt deze overdracht steeds ideaal verondersteld. 
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Een tweede probleem waaraan in de literatuur geen aandacht is besteed, 

betreft de invloed van de (niet-bewegende) zijkanten van ·de bak. 

Hierdoor zal afschuiving veroorzaakt wordeµ, Voor cholesterol en decanol 

zuur monolagen bleek uit metingen dat afschuif spanningen verwaarloos

baar waren, dit in tegenstelling tot monolagen bestaande uit dipalmitoyl 

phosphatidyl choline, de belangrijkste komponent van long surfaktant. 

Om dit probleem aan te pakken hebben we een theorie opgesteld welke uit

gaat van zowel dilatatie als afschuiving in de monolaag. Deze theorie, 

toegepast op de metingen van laatstgenoemde stof hebben aangetoond dat 

de waarden van dilatatie eigenschappen,gekorrigeerd voor de afschuiving, 

minimaal 10% hoger waren. 

De statische kapaciteitsmethode is een geheel elektrische methode en 

daardoor, in tegenstelling tot de tracer methode en de Uilhelmy· plaat 

methode, niet beperkt tot lage frequenties. Ofschoon de resultaten van 

deze detektiemethode overeenkomen met die van de andere genoemde 

detektiemethoden, is de statische kapaciteitsmethode minder geschikt 

bevonden door de grote gevoeligheid voor varierende statische ladingen in 

de omgeving. 

Op grond van de opgedane ervaringen worden drie ontwerven beschreven 

welke eenvoudig te bedienen zijn. Niet-bewegende zijkanten zijn hierbij 

vermeden waardoor afschuiving niet meer optreedt. Metingen met een van 

deze ontwerpen aan mono lagen bestaande uit zowel synthetische surfaktanten 

als long surfaktant van foetussen (zoals geïsoleerd uit vrucht-

water) hebben aangetoond dat de resultaten overeenstemmen met die 

behaald met de eerder beschreven methoden. Voorts bleek dat de dilatatie 

eigenschappen van het long surfaktant sterk afhingen van de foetale 

leeftijd. 

Met een andere methode, ontwikkeld door J. Lucassen (Unilever Research) 

zijn experimenten verricht met longitudinale golven met freq~nties tussen 

50 en 500 Hz. De barriere werd in dit geval aangedreven door een luid

spreker, de detektie geschiedde door meting van de snelheid van een 

tweede barriere, op een zekere. afstand tot de bewegende barriere. 

De verwerking van de gegevens verschilde van die van Lucassen doordat 

wij rekening hebben gehouden met reflekties van de golf aan de barrieres. 
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Monolagen, bestaande uit lipiden geextraheerd uit zenuw membranen zijn 

met deze methode bestudeerd. De lagen gedroegen zich zuiver elastisch 

(geen o~pervlakte viskositeit). Dubbellagen (zoals cel membranen) bestaan 

uit twee, speciaal gekombineerde, monolagen. De visko-elastische 

eigenschappen van dubbellagen hebben we uit die van monolagen bepaald. 

De suggestie dat longitudinale golven in dubbellagen optreden en 

wellicht een rol spelen bij transport van informatie, wordt versterkt 

door de huidige resultaten. 
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STELLINGEN 

Bij het genereren van een longitudinale golf met behulp van een 

barrière, in een monolaag, moet rekening gehouden worden met 

onvolledige overdracht van de barrièrebeweging naar de monolaag. 

Hoofdstuk 2, dit proefschrift. 

2 Als dilatatie-eigenschappen van monolagen gemeten worden met de 

longitudinale golftechniek zal over het algemeen korrektie voor 

afschuiving noodzakelijk zijn. 

Hoofdstuk 3, dit proefschrift. 

3 Het verdient aanbeveling, te onderzoeken of de oppervlakte

elastici tei t en -viscositeit van foetaal longsurfactant bruikbaar 

zijn voor de bepaling van de rijpheid van de foetale long. 

Hoofdstuk 4, dit proefschrift, 

4 Bij het onderzoek naar transport van informatie via zenuwen 

verdient de studie van de voortplanting van mechanische golven 

in zenuw-membranen meer aandacht. 

Hoofdstuk 5, dit proefschrift. 

5 Het is interessant, na te gaan of de nauwkeurigheid van de 

indicator-verdunningsmethode, in het geval van niet-konstante 

flow, vergroot kan worden door deze te combineren met de 

eveneens fluktuerende, simpel te bepalen, druk, 

6 Het stromingsmodel, beschreven door Novák en Janák, ter bepaling 

van gas-viscositeiten, wordt ten onrechte aangeduid als een 

pneumatisch analogon van de Wheatstone brug. 

Novák, J. and Janák, J,J. Chromatogr. 138 (1977) 



7 Bij de koppeling van neuromagnetische metingen (MEG) en gelijktijdig 

opgenomen EEG's verdient het aanbeveling de nauwkeurigheid te 

onderzoeken van de positionering van de MEG opnemer, teneinde 

de bijdrage van volumestromen te kunnen verwaarlozen. 

8 Het zich traag spreiden van geisoleerd "tubular myélin" op het 

water-oppervlak in "in vitro" studies is niet in overeenstemming 

met de door Thet e,a. gerapporteerde "in vivo" verschijnselen. 

Thet, L.A., Clerch, L., Massaro, G.D. and Massaro, D. 

J, Clin. Invest. 64 (1979) 600. 

9 Men gebruikt tegenstroomcentrifuges om deeltjes, in suspensie, 

naar grootte te scheiden. Voor een goed begrip van deze methode 

dient bestudeerd te worden in welke mate de als artefact optredende 

stromingswervelingen gedempt worden door de deeltjes. 

Keng, P.C., Li, C,K.N. and Wheeler, K.T. 

Cell Biophysics 3 (1981) 41 

10 Voor iedere straat met een woonfunktie dient de "veilige" snelheid 

voor auto's bepaald te worden: de "veilige" snelheid is die 

snelheid waarbij een auto tijdig tot stilstand kan komen in 

geval er plotseling iemand oversteekt. Bij de schuldvraag naar 

aanleiding van een auto-voetganger ongeval dient de snelheid van 

de auto vóór de botsing, gerelateerd aan de "veilige" snelheid, 

een belangrijke rol te spelen. 

Eindhoven, Il maart 1983 Ad Snik 


