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The Study of the Boundary Viscosity of Organic Liquids by the Blow-off
Method

B.V.Deryagin and V.V.Karasev (deceased)

A method is described for the investigation of the boundary viscosity of liquids based on the fact that, when a layer of liquid
flows on a flat wall under the influence of a stream of gas flowing above it, the film assumes a wedge-shaped form (the blow-off
method). It is shown that the profile of the resulting wedge resembles that of the velocity profile, which makes it possible to
determine from this profile the viscosity as a function of the distance to the support. Another method for the layer-by-layer
determination of the viscosity is based on the measurement of the thickness of the film as a function of the duration of the
blow-off process at a specific distance from the wetting boundary. In order to determine the film profile, optical and especially
ellipsometric methods have been used.
In order to extend the range of objects of study, a method has been developed for the investigation of the boundary viscosity
of volatile liquids and its theory has been specified. It has been applied to hexadecane and it has been observed that the
viscosity decreases at short distances from the wall.
The bibliography includes 67 references.

CONTENTS

I. Introduction
II. The blow-off method

III. Apparatus for the study of the boundary viscosity by the blow-off method
IV. The study of the boundary viscosity of liquids by optical methods
V. The study of the boundary viscosity of organic liquids in the blow-off process

VI. The study of the boundary viscosity of volatile liquids

634

635

635

637

643

645

I. INTRODUCTION

The theory of the stability of colloids1 is based on the idea of the
wedging pressure of thin liquid layers and its components. In devis-
ing a theory of lyophobic disperse systems, only two components of
the wedging pressure were initially taken into account —the ionic-
electrostatic and molecular components.1 Subsequently, the concept
of the structural component of the wedging pressure, for brevity
referred to as the structural forces, was introduced to account for the
stability of lyophilic disperse systems. The idea of the existence of
this component was first put forward by one of the authors of this
review on the basis of experiments with wetting and absorption
layers on hydrophilic surfaces.2"5 These forces arise as a result of
the overlap of the boundary layers, whose structure has been made
anisotropic in contrast to the isotropic structure of the same phase in
bulk. On this basis, attempts have been made to create a
quantitative theory of structural forces.6*7

In order to strengthen the very basis of this approach, it is impor-
tant to establish by independent, direct methods the existence and to
elucidate the character of the structural features of the boundary
layers on lyophilic supports. The difficulty of this problem is due
to the small thickness and the possible inhomogeneity of boundary
layers with an unusual structure. Dielectric structural methods
therefore usually yield only an average characteristic. An exception
is the method based on the determination of the weakening of the
plane-polarised light transmitted through a thin layer of liquid as a
function of the thickness of the latter, which has been proposed and
developed by Popovskii, Altoiz, and other workers.8"18 However,
this method is applicable only to a specific class of liquids, for exam-
ple, to substituted benzenes or benzoic acids, which exhibit a specific
strong absorption in a definite part of the spectrum.

This review describes the outcome of experiments on the "layer-
by-layer" measurement of viscosity by the method involving the
blowing off of wetting films of various organic liquids. These mea-
surements made it possible to establish the changes in viscosity

occurring as the solid support is approached, as a function of the
distance from it. The change in the structure of the liquids in layers
near the support under the influence of the latter has been demon-
strated thereby, since viscosity is a property sensitive to structural
characteristics.

The determination of the viscosity of thin liquid layers is of direct
interest for the study of the mass-transfer processes in narrow capil-
laries, slits, and disperse systems, in particular for the treatment of
the boundary lubrication and filtration phenomena and membrane
processes.

The flow of liquid through narrow capillaries was used in early
investigations, for example in those of Traube and Siar-Hong-Wang19

and Deryagin and Krylov,20 who observed anomalous phenomena in
the flow of water in porous bodies with a pore diameter of 0.15 um.
It was also found that, as a result of the coating of the pore walls by
oleic acid monolayers, the flow rate increased by a factor of 7 (see
also the studies of Somov and Churaev21 and Peschel and Adlfinger22).

Deryagin and Samygin developed a centrifugation method.23·24

It is based on the observation of the movement of a cylindrical air
bubble in a sealed tube filled with the test liquid. The movement
of the bubble in the direction of the centrifuge axis takes place as a
result of the flow of liquid, forming a film between the air bubble
and the walls of the tube, in the opposite direction. The viscosity η
was calculated from the formula

2 h» .
η = — — / .

3 τυ

where r is the radius of the tube, ν the velocity of the bubble, j the
centripetal acceleration, and h the thickness of the film.

In order to determine the film thickness h, the ends of the tube
were narrowed. We shall denote by Vx and V2 the volumes of the
liquid in these capillary ends by S the area of the film. By vigorous
centrifugation with simultaneous heating, the liquid and the wetting
film were driven to one end of the tube in which they occupied a
volume VQ. The film thickness was determined from the formula
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h =
Vo-V1-V2 Using the relations

An increase in viscosity at a distance of 0.1 μπι from the wall was
observed for certain liquids by this method. In one case it was pos-
sible to estimate the increase in viscosity at a distance of 0.02 μπι.
Hence it is clear that the centrifugation method is more sensitive
than all previous procedures. However, in this method too the flow
of liquid takes place under the influence of volume forces, which
precludes the determination of the viscosity as a function of the dis-
tance from the wall.

II. THE BLOW-OFF METHOD

The layer-by-layer method for the measurement of the boundary
viscosity—the blow-off method—proposed by one of the authors of
the present review,25'27 is a unique procedure which makes it possible
to determine the distribution of the viscosity along the thickness of
the boundary layer by the most direct and clearest procedure. Its
essential feature is as follows. Imagine a channel bounded by two
parallel planes which are separated from one another by a small
distance Η = 0.2 — 1.0 mm; a layer of the test liquid is deposited on
one of the walls (Fig.l). When air or nitrogen is blown through, a
flow arises in the film. The drop in air pressure arising between the
ends of the channel is measured with a differential manometer.

'/////////////////////////////A

Figure 1. Schematic illustration of the blow-off method.

Tangential and normal forces act on the film. It has been shown
that, when a number of conditions are satisfied, the gradient of
normal forces may be neglected; in other words, the inequality

Η

Re=HpvmaJr) ,

where η is the viscosity, Re the Reynolds number, and ν , ^ the max-
imum velocity at the centre of the slit, we finally obtain after substi-
tution in Eqn.(l)

Δρ dp 2F , 2+ pe J±L
ΔΖ ~ al Η 15 Δ/

(2)

On substituting the resulting expression in the formula for the flux
ratio, we have

Q, 3 Η 15 Μ F ' (3)

In order that δ should be small, the ratios h/H, h/Al, and AF/ F
should be small. As regards the first condition, it is permissible
that h/H < 0.01. The inadmissability of the variation of F along
the air stream requires that the inequality AF/F < 0.05 should hold,
which was always the case in our measurements. Applying the con-
tinuity equation and the Boyle—Marriotte law, we replace AF/F by
Ap/p and obtain the condition Ap/p < 0.05, which can be readily
achieved at/7 = 760 mmHg; h/Al was always less than 10"4 in our
experiments.

It it is assumed that Re < 103, which corresponds to the condi-
tion for a laminar blowing off stream, then we obtain δ < 1.4 χ
10'2 from Eqn.(l). Assuming simultaneously that AF/F < 0.05 and
H/Al < 0.005, we find from Eqn.(2) that the following relation is
valid with a relative error of approximately 2%:

For sufficiently small values of δ, the flow of the film solely under
the influence of tangential forces is ensured. By virtue of this con-
dition, the velocity of the molecules is a function solely of the dis-
tance from the wall y and is independent of the distance χ from the
wetting boundary—a situation resembling the collapse of a pack of
cards. In particular, the points located on the outer surface of the
wetting film also have the same velocity u(y). The velocity of the
latter can be found from the change in the film profile obtained as a
result of the blow-off process. If the initial profile is described by
the expression JC = xo(y) and the final profile, after a time τ has
elapsed, is described by the expression χ = x(y), then χ - x0 +
u(y)x. One can then write u(y) = [x(y) - χο]/τ. The viscosity can
be inferred from the profile:

where Q\ is the flux under the influence of tangential forces and Q2

the flux under the influence of the gradient of normal forces, is
valid.

If the law of conservation of momentum is applied to the mass of
air moving in a slit, we have

where F is the average tangential frictional force, Δ/ the length of
the slit, ρ the density of air, ν the velocity of air molecules, Η the slit
width, and Ap the pressure difference between the two ends of the
slit. Taking into account the continuity equation and applying the
parabolic law of the distribution of velocity in a slit, we obtain after
appropriate transformations

. (1)

au/dy

When η is constant, the quantity du/dy must also be constant, which
corresponds to the equation x(y) = const, χ y, i.e. the film assumes
the form of a wedge with a flat surface. The increase in η for low
volumes of y leads to the "blunting" and its decrease to the "shar-
pening" of the wedge.

III. APPARATUS FOR THE STUDY OF THE BOUNDARY VIS-
COSITY BY THE BLOW-OFF METHOD

The apparatus for the study of the boundary viscosity by the
blow-off method,28'29 illustrated in Fig.2, consists of a metallic block
/ with a groove, open on top, having a semicircular cross-section, to
which two smaller blocks 2 with tubes 7 and channels for the admis-
sion and release of gas are attached. Flexible tubing, connecting the
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apparatus to the source of gas (nitrogen cylinder, air blower, etc.), is
attached to one of the tubes 7. In block /, there is a groove in
which a steel insert 3 is placed. A steel or glass plate 4 with an
optically polished lower surface is put on top of the apparatus. A
gap is formed between the plate 4 and the insert 3 through which air
or nitrogen is blown. By selecting the size of the inserts, it was
found that the most suitable gap is 0.2 mm. In order to determine
the pressure drop in the block 1, two channels 5 were drilled and
connected to the tubes 6, to which a differential manometer was also
connected. The film of the test liquid is deposited on part of the
upper plate 4 or on part of the insert 3. The wetting boundary
must be located at right angles to the direction of the stream of gas
(Fig.2, line aa). A steel plate from the "Kalibr" factory with
additional optical polishing was used as the support.

The surface was cleaned with ether. In those cases where special
cleanliness was required, the cleaning was carried out with the aid of
a gas discharge in argon.30 The film was deposited by the draining
method developed by one of the authors of the present review.31"33

Several drops of the test liquid were placed on the surface of the
plate and the wetting boundary was smoothed out with a thin glass
rod. In this deposition method, the film has an inhomogeneous
thickness in the initial instant. However, special experiments
showed that, in conformity with the theory, this is in no way reflec-
ted in the pattern obtained in the blow-off process even after a short
time. An apparatus for the study of the boundary viscosity with a
variable gap has also been used.34

In those cases where special cleanliness is required (for example,
in the study of solutions of organic compounds at a low concentra-
tion in liquid paraffin) a glass device capable of being disassembled
was used,29 its components being washed with chromic acid mixture,
which was followed by treatment in the gas discharge.

Turbine oil and solutions of "metallic soaps" in turbine oil, which
are used to improve the lubricating properties of liquids, were investi-
gated for the first time by the blow-off method.25·26

Figure 3. Interference pattern obtained in an experiment involving
the blowing off of a 2% solution of aluminium naphthenate in tur-
bine oil; blow-off time 8 min.

U 3

\ \

Figure 2. Apparatus for the investigation of the boundary viscosity by the blow-off method.
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IV. THE STUDY OF THE BOUNDARY VISCOSITY OF LIQUIDS
BY OPTICAL METHODS

1. Determination of the Thickness of Layers by the Interference
Methods

Fig.3 presents the interference pattern obtained for a 2.5% solu-
tion of aluminium naphthenate in turbine oil The photograph
shows the narrow first band, which indicates an increase in the vis-
cosity of the liquid near the wall. The interpretation of this inter-
ference pattern leads to the velocity profile illustrated in Fig.4. A
similar velocity profile is also observed when aluminium naphthenate
is added to other oils.

striking. The movement of the bands apart as a function of time is
observed with a gradual retardation. The thin bands located
approximately at right angles to the interference bands represent a
parasitic phenomenon due to the interference in the blow-off channel
by virtue of the very highly monochromatic nature of the light
source.

Fig.6 presents film frames which illustrate the flow of hexame-
thoxydecane, having an increased viscosity at the boundary with the
metal. In this case a small increase in viscosity within the limits of
two to three bands is observed. Fig.7 illustrates the flow of a layer
of tetraethoxyhexane; in this case the viscosity decreases within the
limits of the first two bands. In order to investigate the behaviour
of polymers at different temperatures, the apparatus was thermo-
statted.37

Figure 4. Velocity profile of a 1—2% solution of aluminium
naphthenate.

Figure 5. Inteference pattern obtained during the blowing off of
turbine oil.

A series of studies have been carried out 3 5 > 3 6 on the properties of
various high-molecular-weight organic liquids and solutions of
certain polymers in turbine oil and liquid paraffin. For conveni-
ence, the authors recorded the blow-off process by filming it. The
thickness of the wedge-shaped film was determined from the formula
h = (2« + 1)λ/4, where η is the number of the interference band and
λ the wavelength of the monochromatic light. Turbine oil was
tested initially. It is seen from the film frames shown in Fig. 5 that
the distances between the bands are identical. Consequently the
viscosity is independent of the distance from the supports, which
agrees with the results of earlier studies.25·26 The pattern is quite

Figure 6. Interference pattern in the course of the blowing off of
hexaethoxydecane.

Figure 7. Interference pattern in the course of the blowing off of
tetraethoxyhexane.
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In the study of polymers of butyl vinyl ether (vinipol) and their
solutions in turbine oil and certain other liquids, a change in viscos-
ity was observed as a function of the distance from the solid wall
within the limits of ±(5—6) um. It was noted that, after the attain-
ment of a definite film thickness, the interference bands disappear
and a "ripple" appears on the surface of the film.35"37 This insta-
bility extends over a distance up to 10 μΐη (Figs.8 and 9). The
maximum instability is observed at certain added concentrations of
vinipol in turbine oil, which are lower the higher the molecular
weight of the vinipol.

Figure 8. Interference after blowing off a 0.5% solution of vinipol
with a molecular weight Μ = 3850 in turbine oil (Δρ = 15 mmHg,
τ = 5 min); the break up of the film can be seen (instability zone).

is positive. Since films whose thickness amounts to several micro-
meters are unstable, it follows that for such thicknesses the wedging
pressure and its derivative have values sufficiently high for the
breakdown of liquid films even when their viscosity is high. Evi-
dently the structural component of the wedging pressure is mani-
fested here.38

In order to investigate films with a smaller thickness, more accu-
rate optical methods were employed. The photometric method was
used first.39·40 For this purpose, the outlet slit of the monochroma-
tor was projected onto the wedge shaped film obtained in the blow-
off process. The film thickness was calculated from the intensity of
the reflected light. A linear velocity profile was obtained by this
method for carefully purified liquid paraffin, which indicates the
absence of a specific boundary viscosity.

Polarimetric methods were used to increase the sensitivity still
further.28

2. Measurement of the Film Thickness by Polarimetric Methods

The scheme illustrated in Fig. 10 was used when polarimetric
methods were applied to the measurement of the film thickness.
When plane-polarised light is reflected from the plate with the film
deposited on it, the components of the electric vector of the light
wave, lying in the incidence plane and in the plane perpendicular to
it, have different reflection coefficients, whose ratio depends on the
film thickness. Knowing the ratio of the reflection coefficients, it is
possible to determine the film thickness.

Figure 9. Interference pattern after blowing off a 0.04% solution
of vinipol with Μ = 2100 in turbine oil (Δρ = 25 mmHg, τ =
22 min).

In certain cases instability is observed also for "pure" polymers
with a narrow molecular weight distribution (MWD). With
increase in the molecular weight of vinipol, the thickness of the film,
outside the limits of which the region of instability of the interfer-
ence pattern begins, increases. The instability is manifested to a
greater extent if the blowing off is preceded by prolonged contact
between the film of the polymer solution and the metal. With
increase in temperature, the instability of films of vinipol solutions
grows very little, in contrast to the pure vinipol. It follows from
thermodynamic considerations that the instability of the wetting film
indicates that, in the corresponding range of thicknesses, the deriva-
tive of the wedging pressure with respect to the film thickness

Figure 10. Schematic illustration of the apparatus for the determi-
nation of the film profile by the polarimetric method.

An apparatus with a stack of plates (Fig. 10) was used to deter-
mine the ratio of the reflection coefficients. Here S is the source of
monochromatic light (PRK-2 quartz lamp), W a liquid light filter
(solution of neodymium nitrate with an admixture of chrysoidine
and eosine), L\ the condenser lens, Ρ a rotating polariser (polaroid),
Μ a stack of 9 χ 12 glass plates (12 plates), Ax an adjustable slit, L2

a lens focussing the image of the slit onto the object, Τ— Τι the
object of study—a transparent film on a metal or dielectric, Ai the
aperture (slit) diaphragm, and L% an image diffusing lens.

The principle of the operation of the apparatus is as follows. If
a beam of plane-polarised light is directed onto the surface of the
metal with the film deposited on it, then the horizontal and vertical
components of the electric vector of the light wave are in general
reflected unequally, as a result of which the light flux is modulated
on rotation of the polariser. The maximum intensity of the reflec-
ted light is attained when the plane of the vibrations in the rotating
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polariser coincides with the direction of the most intense component
of the above vector and the minimum intensity occurs correspond-
ingly after coincidence with the least intense component (i.e. on rota-
tion by 90°). The degree of polarisation of light transmitted
through the stack of plates is known to depend on the angle between
the normal to the stack and the beam incident on it. With increase
in this angle as a consequence of the rotation of the stack about the
axis perpendicular to the direction of the beam and parallel to the
direction of the vibrations with the least amplitude, the degree of
polarisation increases. Thus, we can always "attenuate" the more
intense component of the electric field vector by rotating the stack,
making it comparable to the least intense component. In this case
modulation ceases, which is observed from the absence of periodic
variations in the brightness of the reflected light. The correspond-
ing angle of rotation of the stack depends on the ratio of the reflec-
tion coefficients of the horizontal and vertical components of the
electric field vector of the light wave.

In order to increase further the accuracy of the reading and to
expand the range of the measurable thicknesses towards lower val-
ues, a scheme resembling that of the Drude scheme with a photoelec-
tric indicator was used; the scheme was applied in different versions,
the locations of the light source and the indicator being inter-
changed.41"46 At the present time the film thickness is calculated on
a computer by means of appropriate programs.

Polished metallic surfaces are known to possess a microhardness,
i.e. there are grooves approximately 40 —80 A deep and 80 — 160 A
wide in the direction along the plane, f At the end of the experi-
ment, they are filled with the test liquid. However, the optical con-
stants of the plate, measured before and after the experiment, proved
to be very similar, which suggests that the liquid in the groove does
not exert any special influence on the optical constants of the sup-
port. Although a random mosaic structure, consisting of islands
and hollows with "diffuse" edges, filled with liquid, is observed on
the surface of the metallic plate, the effective refractive index of this
system remains close to the refractive index obtained for the speci-
men of the pure metal with a thin oxide film. Consequently, the
film thicknesses are read from a certain arbitrary boundary passing
near the tops of the peaks of the surface relief.

2000
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x, mm

Figure 11. Film profile for a 2.5% solution of vinipol with Μ ^
4000 in turbine oil, obtained on the apparatus with a stack of plates.
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Figure 12. Film profile for a 0.5% solution of sodium-butadiene
rubber in turbine oil, obtained on the apparatus with a coherence
eliminating device.

3. The Study of Certain Organic Substances by the Blow-off
Method Using Polarimetric Procedures

The objects of the study of the boundary viscosity by polarimetric
methods were turbine oil and liquid paraffins of different brands:
paraffin purified by the acid—alkaline method, paraffin treated over
a platinum catalyst by the Elovich method, D-l oil, and pharmaceu-
tical liquid paraffin purified chromatographically. Rigorously linear
velocity profiles were obtained in all cases. After this, a 2.5% solu-
tion of vinipol (M m 4000) in turbine oil was tested.48 A decrease
in viscosity near the wall over distances up to 1000 A was observed
in this case (Fig. 11). In the study of the 0.5% solution of synthetic
sodium-butadiene rubber in turbine oil,48 some increase in viscosity
in a layer 100-200 A thick was observed (Fig.12).
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Figure 13. Film profile for purified liquid paraffin.

f According to electron microscope data obtained by A.E.Chalykh
and Z.E.Sheshenina.

Further measurements were performed on ellipsometers. In the
first place, the velocity profile was obtained for liquid paraffin spe-
cially purified on a platinum catalyst. The linear velocity profile
was retained down to the thickness of 10 A (Fig. 13). Finally, a
large number of organosilicon compounds were investigated.49*56
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The study of the viscosity of boundary layers of polymers is of
special interest from the standpoint of the elucidation of the influ-
ence of their molecular characteristics—the molecular weight, the
rigidity of the molecular chain, the chemical composiiton, and the
level of intermolecular interaction—on the properties of the bound-
ary layers of polymers. We may note that organosilicon polymers
and oligomers are very interesting objects for the study of the
boundary viscosity. Firstly, polyorganosiloxanes retain their liquid
state over a very wide range of molecular weights. Secondly, the
replacement of methyl groups in polydimethylsiloxanes by other
groups makes it possible to vary within fairly wide limits both the
flexibility of the polymer chains of the molecule and the character
and level of the intermolecular interaction in polyorganosilox-
anes.57·58

We investigated polydimethylsiloxane liquids (PMS) with molec-
ular weights ranging from 1000 to 40000 and viscosities from 0.05 to
20 St52 (at 20 °C) and a series of substituted oligo-organosiloxanes
containing ethyl, phenyl, chlorophenyl, γ-trifluoropropyl, and other
groups.54 The influence of the molecular weight and of the molec-
ular weight distribution of the polymer on its behaviour in boundary
layers as well as of temperature and factors such as photo- and
thermo-oxidation has been studied in relation to polydimethylsilox-
anes. Their boundary viscosity was investigated on glass and metal-
lic surfaces.

6 x, mm

.-.·< 14. Film profiles for PMS having different molecular
μ its with a narrow MWD = 1.2-1.5 on steel: 1) PMS-5; 2)
c 10; 3) PMS-25; 4) PMS-70; 5) PMS-400; 6) PMS-2000.

* - velocity profiles for the flow of PMS films having different
^uiar weights and with a narrow MWD on steel are presented
j.14. Their common feature is the presence of three sections in
urve with different slopes and hence with different viscosities of
")nesponding liquid layers. A sharp decrease in the viscosity of
' uid is observed for a layer thickness of 20 — 30 A, the viscosity

40% higher in the range of thicknesses from 20 — 30 to
- 200 A than in the bulk phase, while the viscosity of a layer

150-200 A thick does not differ from that in the bulk phase deter-
mined with the aid of a capillary viscometer. For example, these
quantities are respectively 4.92 and 4.70 cP and 69.68 and 68.25 cP
respectively for the PMS-5 and PMS-70 polydimethylsiloxanes.

Bearing in mind the extreme flexibility of the main molecular
chain and the weak intermolecular interaction, the molecular struc-
ture of the PMS in the bulk phase can be represented as an assembly
of species whose conformational spectrum is extremely broad—from
coiled to uncoiled molecules with the former predominating. The
flow velocity profile observed for PMS films can be accounted for by
the variation of the conformational equilibrium of the PMS mole-
cules in the force field of the surface of the solid phase.

The anomalously low viscosity of PMS in layers adjoining the
surface of the solid phase is apparently due to the uncoiling of the
molecular coils and the subsequent orientation of the uncoiled chains
parallel to the plane of the support. Such orientation should be
promoted by the high polarisability of the SiT+ — Οτ" bond, each
atom of which can become a centre of attraction to the surface of
the solid phase and can promote the horizontal orientation of the
PMS molecules on absorption. A monomolecular PMS layer with a
horizontal orientation of the molecules is known to have a thickness
of 5—6 A. Taking this into account, one can postulate that the
"lower" boundary layer is made up of several horizontallly oriented
layers of PMS molecules. The anomalously low viscosity can be
explained in this instance by the ready slip of these layers relative to
one another over planes bounded by methyl groups. The fact that
the thickness of the boundary layer is independent of the molecular
weight of the PMS confirms the hypothesis of the horizontal
orientation of the uncoiled molecular chains. In liquid layers more
remote from the support, the influence of this force field on the solid
phase is weakened and the polymolecular boundary layer breaks
down. The orientation of the molecules, which still have an
uncoiled conformation, then becomes random; this should increase
the viscosity, which has in fact been observed for liquid layers with a
thickness from 20-30 to 150-200 A. Above this level, the viscos-
ity falls, evidently as a consequence of the coiling of the molecules,
and subsequently remains constant and equal to the viscosity of the
liquid in the bulk phase. In this range of thicknesses, the surface of
the solid phase apparently does not influence the molecular structure
of the liquid. According to the results of Fox et al.,59'60 in the
course of time the "lower" layers in the boundary phase should be
gradually enriched in the high-molecular-weight component. This
should lead to an increase in the viscosity of the PMS in layers fairly
close to the support.

Thus the viscosity of layers in the boundary phase is determined
by the occurrence of two competing processes: ordered horizontal
orientation of the linear molecules, which decreases the viscosity, and
the increase in the concentration of the high-molecular component
which increases it. In the series of PMS, the viscosity of the
"lower" boundary phase of the PMS proved to be reduced in all the
cases examined compared with the bulk phase. This means that the
process involving the orientation of the molecules predominates and
surface fractionation is hardly manifested owing to the narrow
MWD of the PMS investigated.

The phenomenon of the fractionation of polymers with respect to
molecular weights in the force field of the solid phase has been con-
firmed in a study of the boundary viscosity of binary mixtures of
PMS having different molecular weights with the polydimethylsilox-
ane liquid PMS-10. The flow velocity profiles of films of these mix-
tures (Fig. 15) differ significantly from the profiles of the films exam-
ined previously. They are characterised by the presence of steps in
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the range of thicknesses 10 —30 A. The overall form and height of
the steps are readily reproducible in replicate experiments and are
independent of the molecular weight of the dissolved PMS. It is
essential to note that the stepwise profile is obtained when the blow-
ing off is carried out after the film of the test liquid has been main-
tained for 30 min on the suport. The stepwise profile of the film is
not a consequence of its instability, since its form is retained after
the blown off film has been kept for 1.5 h with certain intermediate
measurements. Steps on the flow velocity profiles of films of binary
PMS mixtures (Fig. 15) show that in the region adjoining the support
there are layers of liquids with an enhanced viscosity which are
formed as a result of the enrichment of the boundary layer in the
high-molecular-weight components of the mixture,59·60 i.e. as a result
of the surface fractionation of the polymer.

The increase in the viscosity of the boundary layer may indicate
the occurrence in the polymer of processes associated with the
change (expansion) of the MWD by external influences such as
thermo- and photo-oxidation. It is known61"63 that these processes
lead to the cross-linking of the PMS macromolecules resulting in the
formation of a gel. The accumulation of the oxidation products at
an early stage of the process should alter the MWD and correspond-
ingly the shape of the flow velocity profile of the film. As can be
seen from Fig. 16, the profiles of the PMS-200 films after thermo-oxi-
dation differ from the initial films by the presence of steps or slip
planes in the range of thicknesses up to 20 A. The height of the
steps remains stable throughout the series of experiments regardless
of the degree of oxidation. With increse in the degree of oxidation,
layers with enhanced viscosity become more distinct in the film
profile. On the other hand, judging from the slope of the curves,
the bulk viscosity does not change significantly.

In the photo-oxidation of PMS-200, a pattern analogous to that
described above is observed (Fig. 17): steps and slip planes appear
on the film profiles of the liquid subjected to photo-oxidation for 12
and 48 h (curve 3), such steps and planes being absent from the ini-
tial specimen. The bulk viscosity then increases appreciably with
increase in the oxidation time and, in contrast to the previous case, is
more sensitive to irradiation than the viscosity of the boundary
layer.

ο

djh

300 h

200

fO'O

Figure 16. Profiles of PMS-200 films subjected to thermo-oxidation:
1) initial PMS-200; 2) PMS-200 oxidised for 15 h; 3) PMS-200
oxidised for 30 h; 4) PMS-200 oxidised for 45 h.

In both cases (in the thermo- and photo-oxidation of films),
together with the stable elements of the profile (steps and slip
planes), random bends appear on the velocity profiles which appar-
ently reflect the random structural fluctuations in the polymer mani-
fested in the blow-off process and caused by the presence of polar
oxidation products. The formation of an adsorbed layer approxi-
mately 6 A thick, firmly bound to the support, may be noted as a
distinctive feature in the case of photo-oxidation.55'57'58 Presumably
this layer is made up of molecules of the test liquid chemisorbed on

J 4 5 6 7 8 9 10 11 12 13 1U 15 x,

Figure 15. Film profiles for binary PMS mixtures: 1) PMS-10; 2) PMS-10 + PMS-70; 3) PMS-10 + PMS-400; 4) PMS-10 + PMS-2000;
5)PMS-10 + PMS-20000; 6) PMS-10 + PMS-50000; 7) PMS-10 + PMS-1 000000.
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the surface of the support by virtue of the presence in them of per-

oxy-radicals (CH2OO or other reactive groups), formed as a result of

oxidation processes initiated by UV radiation. This layer can be

removed from the support only by repolishing its surface.

containing 6 and 100 mole% of methyl-β-cyanoethylsiloxane units

(Fig. 18, curves 1 and 6). In the presence of 12.5 and 50 mole % of

polar substituents (curves 2—5), the appearance of slip planes at

distances of 20 and 40 A from the support is observed.

300
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Figure 17. Profiles of PMS-200 films subjected to photodegrada-

tion: 1) initial PMS-200; 2) PMS-200 oxidised for 12 h; 3) PMS-

200 oxidised for 48 h.
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Figure 18. Profiles of films of dimethyl-P-cyanoethylsiloxanes with

different contents of β-cyanoethylsiloxy-units: I) PMS-6.25; 2) and

3) PMS-12.5; 4) and 5) PMS-50; 6) PMS-100.

In contrast to PMS, in dimethyl-P-cyanoethylsiloxanes the polar

β-cyanoethyl groups are the centres of attraction to the surface of

the support. One can therefore assume that in the given case the

molecules are fixed on the surface of the solid phase via these

groups. Depending on the number of polar groups, the conforma-

tion of the adsorbed molecule can be either extended parallel to the

plane of the support or the molecule can have the form of a loop.

When their content is low, these groups do not entail a significant

change in the conformation of the adsorbed molecule compared with

PMS. An analogous pattern has been observed also for a 100%

content of methyl-P-cyanoethylsiloxane units (Fig. 18, curve 6). In

these two cases, the molecules are adsorbed in a planar fashion,

forming several layers, which are bounded by methyl groups and slip

relative to one another. The film profiles of dimethyl-P-cyanoethyl-

siloxanes are therefore identical with the PMS film profiles both for

slight and complete substitution of the dimethylsiloxane units.

The substitution of methyl groups at the silicon atoms by groups

of other chemical nature alters both the level and character of the

intermolecular interaction and the degree of flexibility of the molec-

ular chain. 5 7 · 5 8 It was shown earlier5 0 that the introduction of polar

β-cyanoethyl subsituents into the PMS molecule is accompanied by

an appreciable increase in the level of intermolecular interaction as a

result of the formation of a fluctuating network of bonds between

the polar groups of neighbouring molecules. The flexibility of the

molecular chains does not change significantly, which indicates an

influence on the behaviour of such polymers in the vicinity of the

surface of the solid. Indeed, in the presence of methyl-P-cyanoethyl-

siloxane units (Fig. 18), an increase in the thickness of the boundary

layer with an enhanced viscosity on average up to 60 A is observed.

Above 60 A, the viscosity corresponds to the bulk phase value. It

was found that the character of the flow velocity profiles of the film

depends on the number of β-cyanoethyl groups. A smooth decrease

in viscosity in the boundary layer is characteristic of liquids

V80

U00

3Z0

ZHO

no

80
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Figure 19. Profiles of films of oligo-organosiloxanes containing

units of different types: 1) ethylsiloxy; 2) methylchlorophenylsiloxy;

3) — 5) trifluoropropylsiloxy; 6)—9) thienylsiloxy; 10) chlorothienyl-

siloxy.
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When the contents of the methyl-P-cyanoethylsiloxane units are 12
and 50 mole%, the molecules are adsorbed in such a way that the
sections of the chains between the polar groups, linked to the sur-
face, form loops which extend into the bulk of the liquid. The
presence of slip planes at distances of 20 and 40 A can apparently be
explained by the formation of such structures.

The velocity profiles of films of oligo-organosiloxanes containing
methylchlorophenylmethyl-, γ-trifluoropropyl-, thienyl-, and chloro-
thienyl-siloxane units (Fig. 19) are outwardly identical with the film
profits of dimethyl-β-cyanoethylsiloxanes, but the region of reduced
viscosity extends in these substances to a greater depth (as far as
370 A).57·58

The study of the surface and volume properties of a number of
oligoorganosiloxanes50·57'58 showed that the introduction of polar or
bulky substituents reduces the intramolecular mobility. By virtue of
this, the complete set of conformational transformations character-
istic of polydimethylsiloxanes cannot be realised in the oligomers
considered. The absence of an intermediate layer with enhanced
viscosity, of the kind observed in PMS, is explained by this factor.

The distribution of polar groups along the molecular chain of
oligo-organosiloxanes favours their horizontal orientation and
adsorption on the surface. As in the case of the PMS, this reduces
the viscosity in the boundary layer. On the other hand, the higher
level of intermolecular interaction in oligo-organosiloxanes promotes
the transmission of the influence of the force field of the solid phase
into the bulk of the liquid to an appreciably greater distance than in
the case of PMS. The region of reduced viscosity therefore reaches
350 — 370 A in certain cases. The formation of slip planes in layers
20 —30 A thick in the oligomers considered (Fig. 19, curves 2, 3, 6,
and 9) can be attributed to their surface fractionation, intensified in
the given instance by the presence of polar substituents at the silicon
atoms and by the increased adsorption capacity of the molecules of
these oligomers.55·58

Polydiethylsiloxane liquids in which the level of intermolecular inter-
action is enhanced compared with PMS occupy an intermediate posi-
tion between oligo-organosiloxanes with polar groups and PMS as
regards behaviour in boundary layers (Fig.19, curve /) . 5 8

It follows from the entire foregoing considerations that our flow
velocity profiles of films indicate structural changes in the boundary
layers. The observed anomalies in the profiles cannot be attributed
to either the action of the capillary forces arising as a result of the
microroughness of the support, or to the spontaneous migration of
the wetting boundary, or to the surface tension gradients, because
experiments with different liquids were not performed on the same
support. Despite this, depending on the presence of polar groups,
the degree of rigidity of the chain, and other factors, the flow veloc-
ity profiles of the films have their specific features, including the
presence and absence of curvature in the range of thicknesses from
zero to 50 A. If the microroughness of the support had been the
source of the anomalies in the profiles, then the latter would have
appeared in all cases. Furthermore, the rate of spreading of the
liquid under the influence of the microroughness is extremely low
and the degree of spreading is 0.04 cm after 1300 s for the PMS with
a viscosity of 0.07 St M# on a vertical plate, whilst according to our

#Having observed conditions under which the blow-off method
involves appreciable errors, Bascom and Singleterry64 decided to
abandon this method. Despite the subsequent explanation,68 many
investigators followed their example having decided to ignore a wide
variety of results which we obtained. This is an example of how it
is often difficult for a significantly new and novel development to
achieve recognition.

data a spreading of 0.06 cm was obtained for a PMS with a viscosity
of 0.1 St on a horizontal plate after 5100 s. On the other hand, the
blow-off experiments were performed over a short period and with
viscous liquids. For example, the blowing off of PMS with a visco-
sity of 0.7 St was performed immediately after depositing the liquid
on the support over 420 — 800 s.65 The curving of the flow velocity
profile of the liquid film was then observed at a distance of 0.3 — 0.4
cm from the wetting boundary. Judging from the data presented,
this fact cannot be explained by the influence of the roughness of the
support. Furthermore, the movement of the wetting boundary
during the blow-off process was not observed in the experiments.

V. THE STUDY OF THE BOUNDARY VISCOSITY OF ORGANIC
LIQUIDS IN THE BLOW-OFF PROCESS

All the versions of the blow-off method described hitherto are
suitable solely for liquids producing films which are stable in time.
The blow-off method has been modified for the investigation of
unstable films. For this purpose, a procedure has been developed
for the observation of films in the course of the blow-off process.29

The essential feature of the method is that the measurement of the
film thickness is always performed at the same site and the depen-
dence of the thickness on the blow-off time is obtained. The depen-
dence of the boundary viscosity on the distance from the support is
determined from the formula

_ Η hp ah
11 ~ 2 Δ/ du(A)

where Ap/Al is the pressure gradient along the blowing off stream
and u = x/t, χ being the distance from the wetting boundary to the
point of observation and t the time from the start of the blowing off
to the measurement of the thickness h.

A glass apparatus was used for these experiments;66 the slit was
covered by a prism from which the beam emerged at a definite angle
and fell on the insert with the film. In the study of boundary vis-
cosity on glass, a total internal reflection prism was used and the
film was deposited on the base of the prism.

A series of organic liquids, effectively wetting metals and glass,
were investigated by this method. In the first place, the flow veloc-
ity profiles were obtained for liquid paraffin of different grades on a
metal and glass. Metallic plates of ShKh-15 steel, polished to class
14 quality, were subjected to additional optical polishing. In all
cases rigorously linear velocity profiles were obtained, indicating the
absence of an unusual boundary viscosity. Velocity profiles were
then recorded for solutions of stearic acid in liquid paraffin.29'65"67

In order to obtain reproducible results on glass, the latter was
cleansed in a gas discharge.30 Appreciable distortions in the profile
were observed at a stearic acid concentration of 0.000021 %. A
linear profile with slight steps, whose number and height were not
reproducible in different experiments, was obtained. At a concen-
tration of 0.00054 %, an increase in the number of steps is observed
(Fig.20) and they are appreciably more pronounced. Their height
and number are likewise not reproducible. At a concentration of
0.001 %, inadequate wetting is observed, so that on being blown off
the film breaks up into fine drops. This can be explained by the
formation of an adsorption layer made up of molecules with verti-
cally disposed methyl groups. At a concentration of 0.01 %, the
wetting disappears completely and the solution drains off like water
from a greasy surface. This occurs as a result of the completion of
an adsorption monolayer of stearic acid, which is not wetted by vir-
tually anything.
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Solutions of hydrocarbons, consisting mainly of tetracosane (C24.
H5o) with chlorinated methylene groups in the middle section of the
chain (mono-, tri-, hexa-, and dodeca-chloroparaffins), in liquid par-
affin were tested next.28*65"67 Steel plates additionally polished and
cleaned in a gas discharge in argon served as the supports. In the
first place, the velocity profiles were obtained for a solution of
monochloroparaffin in D-l liquid paraffin, after its purification in a
chromatographic column, and in liuquid paraffin subjected to acid-
alkaline purification. It is seen from the plots (Fig.2la) that in the
given instance a boundary layer with a modified viscosity, having a

thickness of approximately 200 A, is produced. Trichloroparaffin
dissolved in liquid paraffin (Fig.216) yields a result similar to the
previous one: a boundary layer approximately 300 A thick is
observed near the wall. The results of the study of the solution of
hexachloroparaffin are presented in Fig.21c. In this case a velocity
profile resembling the previous ones was obtained. A change in vis-
cosity is likewise observed in a boundary layer approximately 250 A
thick. Measurements with dodecachloroparaffin could not be per-
formed because of the absence of wetting.
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Figure 20. Prifile of a film of 0.00054 % solution of stearic acid
obtained on a glass surface during the blow-off process.
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Figure 22. Flow velocity profile of a film of incompletely
hydrogenated benzanthrone obtained on a glass surface during the
blow-off process.
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Figure 21. a) Profile of a film of 0.01% solution of monochlorotetracosane in liquid paraffin obtained on a steel surface during the blow-off
process; b) profile of a film of 0.01% solution of trichlorotetracosane in liquid paraffin obtained on a metallic surface during the blow-off
process; c) profile of a film of 0.01% solution of hexachlorotetracosane obtained on a glass surface during the blow-off process.
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Finally, certain individual liquids were blown off. The flow
velocity profile was obtained initially (on glass) for the incompletely
hydrogenated benzanthrone.48§ As the name shows, this substance
is not strictly individual. At the start of the experiment, the film
was allowed to stand in order that equilibrium should be established
in thin layers. Fig.22 illustrates the velocity profile, from which it is
seen that, in the immediate vicinity of the wall, the viscosity is
appreciably reduced. Above 200—300 A (naturally this is a very
arbitrary figure, since the viscosity varies very smoothly), the viscos-
ity is almost equal to the bulk phase value.

The latest object was polyisobutene, which can be represented by
the following formula, for example:

Η CH, Η CH,

l i l t
Η CH,H CH,

1000 ~

0-01 0.02 0-03
1/T, cm s~

Figure 23. Flow velocity profile of a film of polyisobutene obtained
on a metallic surface during the blow-off process.

It is seen from Fig.23 that the velocity profile is close to a linear
one; a slip can be seen near the wall. The thickness of the residual
film could not be measured. The measurements were performed on
a steel plate.28

VI. THE STUDY OF THE BOUNDARY VISCOSITY OF VOLATILE
LIQUIDS

A limitation of the blow-off method has been hitherto the impos-
sibility of applying it to the study of the boundary viscosity of vola-
tile substances. A modified blow-off method is applicable also to
such liquids. In the course of the blowing off of volatile liquids, the
film is attenuated also as a result of evaporation. The correspond-
ing theory and method of calculation of the viscosity have been
developed by Deryagin and Starov.34 The viscosity calculations
were performed on a computer from the ellipsometrically measured
thicknesses of the blown off film at a distance of 2 cm from the ini-
tial wetting boundary as a function of time.

The apparatus with a rectangular insert on which the experiment
was performed did not differ from the previous ones used to investi-
gate the boundary viscosity by the blow-off method. Hexadecane
(C16H34), an industrial product of chemically pure grade, was chosen
as the test liquid. Specimens subjected to different degrees of chro-
matographic purification were also tested.

The experiment was performed as follows: a layer of liquid was
deposited on the insert as before. Theinset was placed in the appa-
ratus, having determined exactly the position of the wetting bound-
ary, and a stream of air was passed through. The film thickness was
determined as a function of time at a fixed site, at a distance / = 20
mm from the wetting boundary; the pressure drop was Ap = 0.0184
mmHg. The corresponding shear stress was 0.4 dyn cm'2. The
film thickness was measured as a function of time on an elipsometer
using an LG-56 gas laser. Fig.24 presents plots of the dependence
of the viscosity on the distance from the support obtained, from
which it is seen that the viscosity is reduced in the range of thick-
nesses from 50 to 200 A. The reproducibility of the curves in the
range of thicknesses as far as 250 A is complete in different experi-
ments.34
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Figure 24. Dependence of the viscosity of hexadecane on the distance from the support.

§This substance was synthesised in A.D.Petrov's laboratory.
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The decrease in viscosity which we observed can probably be
accounted for by the usual slip of the horizontally oriented mole-
cules. The hexadecane molecule consists of 14 methylene and 2
terminal methyl groups. In the immediate vicinity of the wall, one
may expect only a horizontal orientation of the molecules because of
their rigidity and fairly considerable length. The horizontal orienta-
tion is gradually enhanced as the support is approached owing to the
increase in the influence of the force field of the latter.

The results of the application of the blow-off method described
show that it provides a unique possibility for discovering the
characteristic features of the structure of liquid layers modified
under the influence of the adjoining surface of a solid phase, which
is reflected by changes in viscosity. Specially rich information is
provided by the application of the method to polymers and their
solutions. The influence of the support on the structure of the
boundary layers of the polymers and also on the stability of the
wetting films is observed in this case to a strikingly greater depth,
amounting to several micrometers.

Further expansion of the region where the method is applicable
will become possible if the procedure can be improved in such a way
that evaporation of even a highly volatile liquid can be eliminated
during the blowing off of the layer.
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