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Brief reference to the origins of studies
of monolayer films on water is followed
by descriptions of rtwo of the principal
methods of examining their properties:
the relation between film area and
pressure, an-l the surface viscosity.

Films can be produced either from
actual fibre-forming polymers, e.g.
cellulose, cellulose triacetate (CTA) or
models, e.g. certain proteins to represent
wool, and their reactions with dyes
studied. All effects of the morphology of
the fibres, especially porosity, can thus
be eliminated, and the actual fibre—dye
Sforces revealed.

Three general types of film behaviour
have been identified in the above type of
study.

(i) Monioric dves penetrate the fiim,
while their fonic group remains in the
water. The film is thus expanded, but
becomes weaker and more compressible.
Examples include monosulphonated dyes
with proteins and mono-ionic basic dyes
with cellilose,

{ii}) Dyes with planar molecules and two
or more widely spaced sulphonate groups,
with cellulose or protein films, as well as
disperse dyes with CTA, orientate
beneath the film, with their molecules
parallel with the polymer chains in the
film. Direct dyes with cellulose react in
this way, but the bond to the cellulose

is weak, and the film viscosity is not
increased. Disperse dyes form a strong
bond with the CTA film, by polar forces,
and increase the film viscosity.

(iii) Reactive dyes or bifunctional dyes
with certain strongly-bonding groups, e.g.
--QH, in the molecule, expand the film
and greatly increase its viscosity and in
certain cases form crossiinks with the
polymer chains, thus strengthening the
film.

The application of the Gibbs adsorp-
tion equation to some of the above types
of reaction Is discussed.

Introduction (Figures 1-3)

For two historical reasons it is approp-
riate that this subject should be discussed
at this time. Firstly, scientific interest in
monolayers on water can be traged back
1o an experiment by Benjamin Franklin,
one of the Founding Fathers of the
American nation, whose bicentenniel has
just been celebrated [1, 2], and secondly,
because it is just sixty years since the
modern interest in the subject comm-
enced with Langmuir’s historic paper [3].
Pockels, Rayleigh and Devaux made
important prior observations in this field,
but Langmuir established the modern
type of apparatus and technique, and
later {1932) won the Nobel Prize for his
work.
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Figure I —  Benjamin
(1706—-90), by Joseph Wright
courtesy of the Royal Society)

Franklin had sailed from New York
for London to undertake negotiations
with the British Government, and in a
letter written some years later, he des-
cribed [1] how, ‘In 1757, being at sea in
a fleet of 96 sail... I observed the wakes
of two of the ships to be remarkably
smooth... (later) 1 resolved to make some
experiment of the effect of oil on water,
when 1 should have opportunity.. At
length being at Clapham where there is,
on the Common, a large pond, which I
observed to be one day very rough with



Figure 2 — A recent repetition of the first scientific experiment in surface chemistry,
as made by Benjamin Franklin in ca 1770, on the Mount Pond, Clapham, London. The
spreading and calming effect of one teaspoonful of olive oil on the wind-agitated
surface of the Mount Pond is shown, a few minutes after the oil was placed on the

surface

Figure 4 — The research laboratories of the General Electric Company in Schenectady,
New York State, in which Langmuir made his pioneering experiments in surface
chemistry (By courtesy of Mr J. Elliott and the General Electric Company )

the wind, I fetched out a cruet of oil, and
dropt a little of it on the water. I saw it
spread itself with surprising swiftness
upon the surface... (producing) an instant
calm... (extending gradually and) making
all that quarter of the pond, perhaps half
an acre, as smooth as a looking glass’.
Calculation shows that the film of oil
which Franklin had produced was ca 10A
thick. This test is believed to have been
made in about 1770 {2], but the nature
of such films was not exhaustively
studied, qualitatively and quantitatively,
until Langmuir commenced his research
nearly 150 years later [3].

Langmuit’s Apparatus and Observations

General Principles of the Monolayer
Method [4,5,6]

Langmuir developed an apparatus on the
basis of earlier experiments by Pockels,

Aitken and Rayleigh, which is now
standard equipment in surface chemistry
laboratories. The diagram in Figure §
illustrates the principle of this apparatus,
usually known as the Langmuir or
Langmuir—-Adam trough. A trough T is
filled to the brim with water or an
aqueous solution, and over the surface of
the liquid and just touching it are two
barriers. That shown at B rests on the
edges of the trough and can be moved,
either by hand or mechanically, along the
length of the trough and in a direction at
right angles to the longest axis of the
barrier. The second barrier F, the float,
rests on the water surface, but is slightly
shorter than the width of the vessel, being
attached thereto by small flexible threads
at each end, floating on the surface,
which act as barriers to the escape of any
of the surface material enclosed between
the two barriers. The float is suspended in

Figure 3 — Irving Langmuir (1881--1957)
(By courtesy of the American Chemical
Society )

]

Figure 5 —  Principle of the
Langmuir—Adam balance for measuring
monolaver  characteristics. The side
elevation shows the trough filled just to
the brim with water and covered by the
monclaver M held between the freely
movable boom B and a delicately
suspended float F. As B is swept across
the surface towards F the monolaver
molecules become more tightlv packed
and  more regularly orientated; this
reduces the surface tension of the water
surfauce between B and F. The higher
surface tension to the left of F therefore
causes F to move towards the left, and its
movement is measured by an optical lever

such a way that a force acting on it in the
direction shown can be exactly measured.
Thus it can be suspended from a length of
waich spring or a torsion wire, so that
movement of the float twists the wire or
spring about its long axis. The movement
is magnified by an optical lever, which is
calibrated by tests with known weights
hung from a lever attached to the wire or
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spring. An electrical balance can also be
used. The force measured is actually the
difference between the tension of the
surface of the pure bulk water or solution
(to the left of F in Figure 5) and that of
the monolayer-covered surface (to the
right of F), which is less than that of the
pure surface. Therefore the same result
may be obtained by surface-tension
measurements in the two areas, most
conveniently by the Wilhelmy dipping-
plate method, and this method is
frequently used.

Langmuir found that when certain
types of substance were spread over the
water surface in quantities only sufficient
to form a layer one molecule thick — a
monolayer, or unimolecular layer — the
float F registered a pressure, which
increased steadily as B was moved
towards it to compress the layer*. He
devised the method of plotting the
so-called pressure—area (or w/A) curve,
illustrated by Figure 6. In this, the
pressure on the float is plotted against the
area of the water surface occupied by a
single molecule of the film-forming
substance. By extrapolating the curve
down to the x-axis this area is obtained
for a state of zero pressure, and the
assumption is made that this is the true
cross-section of the film molecule in the
orientation it assumes on the water. A
very large variety of substances can be
spread to form these monolayers, and the
orientation and behaviour of their
molecules are found to follow simple
mechanical and physical principles. Thus,
for example, polar or ionic groups in the
molecule stay as closely as possible to the
water surface, or actually in it, while
hydrophobic  groups, e.g. long alkyl
chains, remain as far as possible away
from the water. Thus a compound with a
polar group at one end of the molecule,
attached to a long straight alkyl chain
(>C, ,), orientates with the polar group

*A simple experiment to reveal this molecular
flotation: fill a large dish with water and
sprinkle over the surface a little fine white
powder. Carefully place a small drop of
benzene on the water. The liquid rapidly
spreads, pushing away the powder to leave a
clear patch. The benzene, however, soon evapor-
ates and the powder returns fo its original
position. Repeat the experiment using benzene
containing a trace of dissolved stearic acid,
stearyl alcohol, or cetyl alcohol. The liquid
spreads as before, and benzene evaporates, but
the clear patch surrounded by white powder
now persists, and gentle stirring reveals that it
consists of some apparently rigid material. In
fact it is a ‘raft’ of floating molecules of stearic
acid, etc., with a thickness of one molecule.
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Figure 6 - Typical force—area curves
obtained with a Langmuir—Adam film
balance. {a) Curve for a long straight
chain carboxylic acid, e.g. stearic acid. (b)
Curve for a disperse dye (CL11115),
Jormula

/Cz H4OH

CI(0aN)CeHsN=NCaHaNT_
The force on the float F (Figure 5] is
measured for a range of areas of surface,
by varying the position of the boom B,
and the area occupied by each molecule is
calculated from the weight of substance
originally placed in the film. The points x
give the molecular areas for close vertical
packing. That for the dve (31A4% ) agrees
well with the value (32A4%) measured
from a molecular model

just in the water surface, and the alkyi
chain standing vertically above the
surface. (Shorter chain compounds
merely float loosely on the water). If the
molecule has more than one polar group,
the exact orientation taken up depends
on the balance of forces between the
water and the various polar groups. An
example is shown by the curve for the
disperse dye given in Figure 6. Here the
hydroxy group at the lower end of the
molecule has the most powerful attrac-
tion for water, and the aromatic nuclei

are hydrophobic, so that the molecule
tends to orientate vertically with the
hydroxy group in the water, but the
whole molecule is at first tilted slightly
because of the weak attractions of the
azo and other polar groups for water.
With increasing compression these weak
attractions are overcome and vertical
orientation occurs; the gradual approach
to the vertical is shown by the low slope
of the /4 curve, especially in the region
of lowest pressure.

Scope of the Monolayer Method

Two types of molecule readily form
monolayers on water; these are the long-
chain polar type, already mentioned, and
polymers which have both hydrophilic
and hydrophobic groups in the molecular
chain, and which can be dissolved and
thus spread from dilute solution over the
surface. These types are illustrated by
Figure 7. Both can be made to take part
in reactions with solutes in the water
phase (the sub-phase), and it is with this
type of reaction, between dyes and poly-
mers representing fibres, that we are here
concerned.

Figure 7a - Monolayers on water.
Molecules of a long alkyl chain com-
pound, eg. stearic acid. The hydroxy
(‘head’) groups dissolve in the water
surface, the aliyl chains do not

Figure 7b - Monolayers on water. A
polymer molecule consisting of alter-
nating water-soluble and water-insoluble
groups

A number of texts include descrip-
tions of monolayer principles and experi-
mental methods {e.g. references 4-6).
The methods have been widely used in
physical chemistry and in biochemisiry,
but not as widely used in textile and
dyeing research.

Experiment need not be confined to
determination of force—area curves,
useful though these are. Many other
properties of monolayers can be studied,
including, e.g. viscosity — for which at



least two quantitative methods have been

used — electrical potential, phase-
transition temperature, and optical
properties.

Film viscosity indicates the strength
of intermolecular forces in the film; and
useful qualitative information on its
magnitude can sometimes be obtained by
simply sprinkling a fine powder lightly
over the surface and observing its
behaviour when gently blown. Electrical
potential measurement can indicate the
orientation of polar groups in the film.
Monolayers can actually be lifted from
the water on solid supports, and this can
be repeated many times, to give built-up
multilayers, which may consist of a single
compound or layers of two or more
substances.

The monolayer method is even more
widely applicable than might at first sight
appear: it can be applied to many
non-surface-active substances, or those
which have low surface activity, e.g.
highly sulphonated dyes, by dissolving
them in the aquecous phase and examining
their reaction with a monolayer at the
surface; or by making a mixed film in
which they are combined with 2 mono-
layer-forming substance; or by using a
salting-out process to force them to the
surface. These principles have been used
to measure the size and orientation of
sulphonated dyes in the surface [7]. A
recent development is the discovery that
nonionic  dyes, which form smali
aggregates in water, also do so in the
water surface, and by careful experi-
mentation this fact can be used to
measure the aggregation number {8].

An essential requirement in most
monolayer experiments is the use of a set
of molecular models for estimating the
shape and size and orientation of the
molecules in the surface. Here the Stuart
type, supplied by Catalin Ltd, have
proved very satisfactory.

It is possible to use the method up to
ca 50—60°C, but usually experiments are
made at room temperature. This gives
information that is equally applicable to
dyeing practice at higher temperatures,
since there is no evidence that the nature
of dye—fibre bonding alters with change
of temperature. Indeed, since most
dyeing reactions are exothermic, more
dye is adsorbed cold (at equilibrium) than
at high temperatures, Therefore the
monolayer tests can be considered to give
optimum conditions for any bonding
effects to be revealed. It may be
mentioned that in effect the pressure in

the monolayer is, in three-dimensional
terms, very high. The few dynes/cm
(mN/m) pressure measured on the trough
for a film that is only a few A thick,
becomes hundreds of atm./ft* when
calculated as a three-dimensional force.

Application of the Monolayer Method to
Dye—Fibre Bonding Studies [9—16]
First, the question: Why use this method,
which differs in its rechnique so greatly
from conventional methods of laboratory
dyeing? The answer is that a fibre hasa
complex morphological structure, and
contains multitudes of bundles of the
fibre polymer molecules, the bundies
separated by channels known as pores.
These pores are of molecular dimensions
and greatly complicate the behaviour of
the dye molecules which penetrate them.
The result is that the study of any effects
of direct dye -fibre bonding is obscured
by possibie association of the dye in the
smaller pores. Monolayers offer a way of
overcoming this difficulty; the polymer
of which the fibre is composed or a
closely related substance, can be obtained
in a two-dimensional form, spread out no
thicker than one molecule, and having no
pores. Any observed effects of dye-
polymer interaction are then not influ-
enced by any mechanical action of pores.

The two properties of the monolayers
studied here have been the force-area
relation described above, and the surface
viscosity. For the latter, the Davies
surface viscometer [5] has been used. The
principle of its operation is shown in
Figure 8. Reactions of dyes with the
threc main chemical types of fibre -
cellulose, hydrophobic, and protein —
have been examined and the conclusions
drawn from the results are discussed
below.

In some cases the actual fibrous
polymer can be spread as a monolayer; in
other cases this cannot be done, and a
closely related polymer that can be
spread is used to represent the fibre. Thus
cellulose triacetate is readily spread as a
monolayer, and methods have been
developed for spreading cellulose [17],
polyethylene terephthalate [18], and
chitin  [19]. Cellulose forms good
monolayers from solution in cadoxen
{cadmium ethylene diamine) solvent. As a
model for nylon, methoxymethylnylon
was spread (from methanol solution), but
possibly suitable solvents could be found
to enable normal nylon 6.6 itself to be
spread. Wool cannot be used directly
because it cannot be dissolved without
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R
N
Ll
T T s T

o

Figure 8 - Diggram illustrating  the
principle of the viscous traction surface
viscometer (R and R' are cross-sections
of the platinum wire rings, held rigidly in
a framework supported at A, which can
be raised or lowered so that the rings just
touch the water surface in the dish D. D
rests on the table T, which is rotated at
constant speed, and the difference in
times of revolution of a particle floating
in the annular space between R and R',
in presence and absence of a monolaver
on the warer surface, is a measure of the
film viscosity)

degradation; a high-sulphur wool protein
in the S-carboxymethyl form
(SCMKB—2) was tricd [9], but appeared
to show no advantage over simpler and
readily obtainable proteins, of which
casein and edestin (a vegetable protcin)
were found to be suitable and to give
similar results. Casein has been shown
[20} to behave similarly to wool in its
reactions with acid dyes; however, edestin
is more readily dissolved than casein and
is preferred for the present type of
experiment. It is not known whether silk
has been spread as a monelayer, though it
is possible to obtain it in a water-soluble
form.

General Principle of Interpretation of
Results

When a polymer is spread as a monolayer
on water, its polar or iomic groups
orientate as closely as possible to the
water surface, which implies that the
molecule lies flat on the surface, not
necessarily in an extended straight line,
but possibly intermingled with neigh-
bouring polymer chains in a random
manner. However, when the monolayer is
forced to contract, the chains close up and
tend to cover the whole of the water
surface, unless a solute in the water
prevents this, in the manner to be
discussed. The ease with which this
closing takes place has been shown to
have a direct relation to the interaction
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Figure 9a — The three general types of change of slope of the surface pressure-area
curve for a monolayer of a polymer when a solute is introduced into the aqueous
sub-phase. The broken line represents the curve for the monolayer on pure water {21/

Figure 9b — The suggested relative orientations of polymer molecules {open
rectangles) and solute molecules {hatched rectangles) in the monolayer on aqueous
solutions, corvesponding with the three respective curve slope changes shown in Figure
9a [21]. A shows the penetration of the moncluyer by a monoionic solute, where the
ionic group remains in the water and the hydrophobic portion of the molecule enters
the polyvmer monolayer. B shows the orientation of a long solute molecule with ionic
groups at cither end (c.g. a direct dye), beneath the monolayer polymer chains. C
shows crosslinking of polymer chains by a bifunctional solute, whereby the viscosity
of the film is greatly increased. In A and C the polymer chains are shown in

cross-section, in B in side elevation

between the monolayer and a solute in
the sub-phase [21]. Thus, consider the
force/area curves for polymer films on
aqueous solutions, shown in Figure 9. A
illustrates the result of a penetration of
the monclayer by a monoionic surface-
active solute from the water, the ionic
group remains in the water and the
hydrophobic part of the solute molecule
becomes entangled in, or surrounded by,
the polymer chains. The result is that the
monolayer becomes less rigid, and it
becomes more compressible, a condition
shown by the lowered slope of the curve.
C illustrates the result of a crosslinking
action of the polymer chains by the
solute molecules, which have formed
bonds with the chains and produced a
raft-like structure that is very resistant to
compression. B represents a different
condition; in this case the solute molecule
is orientated beneath, and parallel to, the
polymer chains, and the compressibility
of the film, which retains its normal
structure, is unaffected. These effects on
compressibility are found to have exact
correspondence with surface viscosity
changes. Thus in case A the viscosity falls,
in C it rises and in B it is unaffected. Fulil
details are given in the recent report
[21}. Some typical examples are shown
in Figures 10—135, all taken from recent
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reports, and comments are shown

relevant to each type of curve.

The Gibbs Adsorption Equation and the
Dye—Monolayer Interactions [16]

The Gibbs adsorption equation in the
simplified form —

"~ RT d(mf)

has been applied to conditions A and B
described above; I' is the ‘surface excess’
of solute, or the number of molecules
present in the upper layer in excess of the
number that would be present if the bulk
solution concentration extended right up
to the actual surface (in practice this
upper layer is usually taken to be one
molecule deep); m is the molarity of the
solution, f is the molar activity coeffi-
cient, v is the surface tension of the
solution, R is the gas constant, and 7T is
the absolute temperature.

In the system, protein (edestin) film
plus solution of the monosulphonated
dye C.I. Acid Red 88 (0.4 mM, at pH4)
(type A curve, of Figure 9a), the surface
excess of dye is found to be 1.13 x 10%
mol.fem? if assumed located between the
polymer chain molecules in the mono-
layer, but only 0.34 x 10'* mol.jem? if

Surface pressure, dynes cm™
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Figure 10 — Pressure—area curves for
protein monolayers on pure water (c)
feontrol), and buffered (pH 4.0) 10 M
solutions of two monosulphonated acid
wool dyes. a = C1. Acid Yellow 99; b =
C1 Acid Qrange 74 |9]. Because of the
complex structure of proteins it is con-
venient to express the monolayers in
terms of area per unit weight of film,
whereas with most film materials the
units are area per molecule. The changes
in slope illustrate the effect of rthe
situgtion shown in  Figure 9b (A4)
wherchy the ionic group of the dye
remains in the water while the remainder
of the molecule penetrates the mono-
layer. There is however only weak mutual
attraction between monolayer and dye
and the whole complex is loose in
structure and very compressible, as shown
by the low slope in the present Figure of
curves a and b, and by the low surface
viscosity of the corresponding mono-

layers. These two dyes are [1:]
chromium—dye complexes; the same
effects are observed however with

monosulphonated dves not containing
metal [10f and the inference Is that the
metal atom does not complex with the
protein [9]. Most tests of this type of
reaction have been made in acid
conditions, bur some made neutral or
nearly so, gave similar resuits [ 10,12/

assumed located beneath the polymer. At
the surface of unbuffered pure water the
calculated value is 0.87 x 10'4



20

Surface pressure, dynes cm™!

[ 92 06 19 14
Mofecular area (A2%)

Figure 11 — Pressure-arca curves for
protein monclavers on pure water (c),
and buffered (pH 4.0) 107% M solutions
of three disulphonated acid wool dyes. a
= C1I Acid Yellow 54; B=C.I. Acid Red
183; d = CI. Acid Red 186. The situation
illustrated in Figure 9b (B} is shown here;
apparently  the tendency  for the
sulphonate groups to remain in the water
overcomes any weak attraction the
remainder of the dve molecule has for the
protein. These dyes are 1:1 chromium-
dye complexes, but the same effects are
observed with disulphonates not con-
taining metal [ 10/ ; ¢f. Figure 10 above

mol.fem?®. These data suggest that the
interpretation of the type A curve given
above is correct.

In the system, cellulose monolayer
plus C.I. Direct Blue 1, the pressure—area
curve is type B (Figure 9a), the surface
excess is calculated as 0.43 x 10'¢
mol./cm?, if between, and 0.043 x 10'%
if beneath the cellulose chains, and 0.37
x 10'% mol/cm? at the pure water
surface. in deciding which of the two
values for dye in the monolayer is more
likely to be correct, it must be remem-
bered that in this system both dye and
cellulose are anionic, with consequent
mutual coulombic repulsion, and there-
fore the lower value is the more likely.
This interpretation agrees with (i} the
interpretation of the type B curve given
above, and (ii) the fact that this dye in
pure form does not colour cellulose, in
absence of added electrolyte [22, p.
104].
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Figure 12 — Pressure—arca curves for
cellulose monolavers on pure water (c),
and on 107 M solution of Janus Red B
(Cl 26115), a cellulose-substantive
cationic dye. The same type of inter-
action occurs as with the protein films
over monosulphonates (Figure 10). the
ionie group of the dve is preferentially
located in the water surface, with the
remainder of the molecule penetrating
the monolayer. The film then has a loose
structure and the viscosity in the present
case is reduced by 50%. The tendency for
the dyve molecule to take up this
orientation overcomes the weak forces
contributing to its substantivity, which
would otherwise lead to the orientation
tlustrated in Figure 9b (B} [ 14]

Disperse Dye—Cellulose Triacetate Mono-
layer Reactions

This system gives the type B curve
(Figure 9a), and the consequent interpre-
tation of beneath-film orientation with
dye molecules face-to-face with, and
parallel to, the cellulose triacetate chains
agrees with (i) the dichroism of disperse-
dyed cellulose acetate fibre [22, pp. 183,
328], and (ii) the observed increase in
film area with increase in width of the

dye molecule (Figure 15 and reference
15)*.

*The same comments apply to the cellulose
film —direct dye system.

30
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Molecular area {4°)
Figure 13 — Pressure-—-area curves for
cellulose monolayers on pure water (c);
and on direct dye solutions (5
x 10°%){13/. a. CL Direct Blue 1, or Red
2; b, as a, with 0.1 M NaCl, d, C.1. Direct
Green 26. This situation is that shown in
Figure 9b (B), and rthe atrraction of the
sulphornare groups for water causes thewr
to remain bencath the surface and over-
comes any weak attraction that the dye
molecule as ¢ whole has for the cellulose.
Cf. Figure 11

The film in this system does not
change in surface pressure with increase
in dye concentration, unlike the films
with water-soluble dyes just discussed,
This would at first sight seem to imply, in
accordance with the Gibbs equation, that
the surface excess of dye is zero. A
similar situation occurs with the surface
tension of concentrated solutions of long-
chain detergents. This surface tension
remains constant as the concentration is
raised, yet the solute is undoubtedly
concentrated in the surface. The
explanation for this apparently non-
compliance with the Gibbs equation,
which is thermodynamically rigorous, is
that in fact the added solute above a
certain concentration (the critical micelle
concentration or c.m.c.) enters into the
solute micelles in the surface and in the
Gibbs sense does not form a surface
excess. A similar explanation for the
present case is that as the dye concentra-
tion is raised the added dye enters into a
hydrogen bond complex with the cellu-
lose triacetate monolayer. This is in fact
confirmed by the increased surface
viscosity of the monolayer when the ratio
of the dye to triacetyl glucosidic residue
is 1:1 (Figure 16). In the cellulose—dye
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Figure 14 - Pressure—area curves for cellulose monolayers on pure water {c), and on
10% M solution of cotton reactive dye of dichlorotriazinyl type, at pH 9.5. a, 3 h after
spreading: b, 10 h after spreading; d, 24 h and 36 h after spreading [14]. The
progressive reaction between cellulose and dye is shown by the increase in film area
and rigidity with time, i.e. the curves move to the right and steepen. The final state is a
multi-crosslinked structure in which the dye gives ¢ 1:1 complex with the glucosidic
unit in the cellulose molecule [14]. Cf. Cin Figure 90

system just discussed there is no strong
bond between dye and cellulose and no
change in film viscosity can be detected.

Conclusions

The monolayer technique shows promise
as a valuable method of studying all
forms of reaction between fibres and
solutes — not only dyes, but also textile
auxiliary agents and inorganic substances
(cf. reference 17 in [10] above). Here
examples have been given of its use in
interpreting reactions taking place in
some of the most important dye—fibre
systems. Many of the experiments have
been exploratory and much more
information remains to be obtained by
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their extension. Many systems have still
to be investigated, e.g. the dyeing of
acrylic fibres, the reactions of disperse
dyes and of carriers with polyester fibres,
and the dyeing of silk. Considerably more
information might be obtained on the
behaviour of reactive dyes with all types
of fibre, by the present means. A few
general conclusions so far reached are as
follows:

(i) Firm bonds are formed with the fibre
polymer by reactive dyes on wool
and on cellulose, and by disperse
dyes on hydrophobic fibres and, on
wool in the case of certain dyes with
free —OH groups in their molecules
[10,11]

(ii) Anionic dyes and cationic dyes on
cellulose, and anionic dyes, including
1:1 metal-complex acid dyes on
waol, appear to form no firm bond
with the fibre, and their retention by
the fibre seems to be attributable to
physical and mechanical action
introduced by the pore structure of
the fibre [10, 13].

(iii) The reaction of ionic dyes with
protein or cellulose monolayers is
apparently determined by the
position the dye molecule favours
relative to the water surface, rather
than by attraction for the polymer
film [13]. Thusa monojonic dye
orientates with its ionic group in the
water surface and the remainder of
the dye molecule above, enmeshed in
the polymer monolayer. On the other
hand, dyes with more than one ionic
group orientate flat just beneath the
water surface and parallel with the
polymer-chain  molecules in the
monolayer; disperse dyes behave in
this way with cellulose triacetate
[15]. All of these observations may
help interpretation of dyeing
processes.

(iv) In solvent-assisted dyeing of wool
[23], the solvent appears to accele-
rate covalent bond formation bet-
ween reactive dyes and the fibre, and
probably lowers the concentration of
dye at the wool—dyebath interface.

Review

A comprchensive review of the use of
monolayer methods in dyeing research,
up to 1967, is available [24].

Other Types
containing Dyes
The review mentioned above contains a
comprehensive account of other work on
systems of monolayer/dye, though this
other work is not extensive. Also
monolayer systems with technical-type
dyes, but no polymer substrate, e.g. those
in which even a dye with a small molecule
and two sulphonate groups (C.l. Acid
Red 1), can be induced to form a
condensed monolayer [7].

Mention must also be made of the
very extensive and elegant researches of
Kuhn et al at the Max-Planck-Institut fiir
Biophysikalische Chemie in Gottingen
[25, 26]. They have succeeded in
building up successive alternating layers
of specialized dyes and non-dyes on solid

of Monolayer System
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dye

supports and have studied a variety of
optical properties of the assemblies so
produced.
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