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The structure of the thin liquid films in a stable three-dimensional foam~shaving cream! has been studied by
Raman scattering. Two phases existing in the foam films are identified—lamellar and isotropic. The lamellar
phase is an ordered multilayer structure~gel! of stearic acid molecules in all-trans conformation. This is proved
by the shape of the Raman spectra in the C-H stretching region and by the values of a characteristic parameter
determined from them—the intensity ratioR. The spectra in the C-C stretching and C-H bending regions
support this conclusion as they show absence of features characteristic of gauche conformations. An analysis
of the Raman spectra in the C-H bending and C-H stretching regions suggests that stearic acid molecules in the
foam lamellar phase have a hexagonal packing. On the basis of Raman spectroscopic data we propose a model
of foam molecular structure and its evolution. According to it, small bilayer lamellae dispersed in the foam
films after foam formation gradually self-organize around the bubbles in large shell-like bilayer structures. This
arrangement is induced initially by the gas-liquid interfaces of the bubbles and consequently by the interfaces
of the bilayer structures with the foam liquid. The process of organization of small lamellae into large bilayer
structures can be followed by changes in the intensity ratioR of the C-H band and in the half-width of the
antisymmetric C-H stretching fundamentald2. The investigations carried out in this work demonstrate the
capabilities of Raman spectroscopy to study the microstructure of three-dimensional foams and their dynamics.
Raman spectroscopic studies can be employed to study aging of foams on the molecular level and can be
possibly extended to characterization of factors affecting foam stability.@S1063-651X~96!08307-9#

PACS number~s!: 82.70.Rr, 78.30.2j, 68.15.1e

I. INTRODUCTION

Dispersions of liquids in liquids~emulsions! and disper-
sions of gases in liquids~foams! occur widely in nature and
have applications in a large range of technologies@1#. Foams
in particular are of great scientific interest as exemplars of
disordered cellular materials. Propagation of light in foams
can be regarded as diffusive, i.e., due to multiple scattering
@2#. Because of the strong parasitic scattering of light which
masks the useful signal, Raman spectroscopic studies of
three-dimensional foams have been highly obstructed and, as
far as we know, have not been reported to date in the litera-
ture.

In foams the gas bubbles are separated by relatively thin
liquid films ~LF!. As any other material system, foam pre-
serves its structure only when it cannot easily be transformed
into a system possessing lower energy. The molecules at the
interfaces separating the bubbles from the thin films have a
higher energy than the molecules in the bulk of the films due
to surface pressure and that is why the surface of the bubbles
is thermodynamically not stable. So over time foam evolves
in such a way as to lead to a minimum total interface of the
liquid films. Foam evolution is described by several pro-
cesses. The most important are coarsening of foams due to
diffusion of gas from the smaller bubbles to the larger
bubbles, and drainage of the liquid in between the bubbles
due to gravity along the so-called Plateau channels@3#. The
first process is explained by the existence of pressure differ-
ences between bubbles of different sizes and leads to a de-
crease in the total surface area with time. It begins right after

the formation of foam from solution and continues through-
out its lifetime. The drainage of the liquid between the
bubbles and subsequent coalescence of adjacent bubbles~or
rupture of the bubbles when the liquid lamellae between
them become too thin! are observed on a longer time scale
~from several h to 1–3 days after formation for commercial
foams, depending on foam type!. When the liquid films are
very thick the bubbles are spherical~wet foam!, while after
sufficient time for coarsening and partial drainage of the
foam liquid, the films become thinner and the foam is com-
posed of polyhedral bubbles. Eventually the foam becomes
dry—the films are very thin, reaching tens of nanometers.
The structure of the thin liquid films is the determining factor
for the stability of foams@4#. In this respect Raman spectro-
scopic studies of three-dimensional foam would be of great
interest because they can supply information about the mo-
lecular structure of the foam films.

If a laser beam impinges on three-dimensional foam in a
cell it will undergo diffusive propagation and as a result a
specific distribution of the excitation which we may term
diffusive excitation is created in the volume. This excitation
will create a volume distribution of the elementary Raman
scattering centers with the same shape as that of the diffusive
excitation. The Raman signal will undergo a secondary dif-
fusion in all directions and as a result will reach the foam-
cell boundaries. Thus Raman signals from the bulk foam
could be detected. The specific dimension of the Raman in-
tensity distribution at the surface of the foam, which is im-
aged on the spectrometer, is proportional to the transport
mean free path of photons in foaml * . The latter has been
connected with the sized of the bubbles—l *53.5d @2#.
When d increases the dimension of the Raman intensity
source in foam broadens and its maximum decreases. As a*Electronic address: znsof@phys.uni-sofia.bg
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result the brightness of the image on the entrance slit of the
spectrometer decreases and the detected Raman signal de-
creases too. Thus in order to have optimum Raman signal
collection l * should match the most frequently used spectral
slit widths. This means that the mean bubble size should be
of the order of tens of micrometers. These are characteristic
dimensions for some commercial foams and for fresh shav-
ing foam in particular@5#.

II. EXPERIMENT

As in some recent investigations@2,5–7#, we have chosen
to study Gillette shaving foam@8# because it provides highly
reproducible and stable samples. The stability of the foam is
not of primary importance for a modern Raman experiment,
but it should last for a period of time comparable to the time
necessary to obtain an acceptable signal-to-noise ratio after
signal averaging. According to@6# the period necessary for
noticeable changes in Gillette foam rheology due to bubble
growth is some 10 min after foam formation. Thus the time
we need to obtain a Raman spectrum truly reflecting eventual
changes in foam microstructure should be of the order of
1–3 min. This implies that only parallel spectral registration
is feasible.

Gillette foam is produced after expansion at atmospheric
pressure of a pressurized mixture of an aqueous solution of
triethanolamine stearate with smaller amounts (,1%) of so-
dium lauril sulphate~SLS! and polyethylene glycol-~23! lau-
ril ether, together with emulsified liquid hydrocarbon gases
@2#. The volume fraction of the bubbles in this foam is some
~9261!% @2#.

Raman spectroscopy experiments were performed in
backscattering, the laser beam making an angle of 50° with
the cell. The foam was placed in a closed glass rectangular
cell ~23233! cm to prevent changes due to evaporation, or
was probed directly in the case of its dry or semidry residue.
The liquid that drained off the foam was studied in 2 mm
internal diameter capillaries in the conventional 90° geom-
etry with the laser beam parallel to the long axis of the cap-
illaries. The scattered signal was collected by anF540 cm
lens, passed through a Raman notch filter~Kaiser Optical
Systems Inc.! and imaged on the entrance slit of a single 60
cm focal length polychromator. Detection of spectra was ac-
complished by an intensified vidicon~ISIT! and computer
controlled multichannel system~OSA, B&M Spectronic!.
Excitation was with the 488 nm line of an argon ion laser
~Zeiss-Jena! with typically 120 mW focused at the sample
with an f5100 mm lens. The detection system was cali-
brated by Ne emission lines; the spectra are reproducible to
60.5 cm21. The spectra in the C-H stretching region were
Fourier deconvoluted to enhance resolution using a proce-
dure which has been described elsewhere@9#.

Due to very high scattering of the foam the direct detec-
tion of Raman signal even in the region of the strong C-H
stretching band~2800–3000! cm21 yielded a poor quality
spectra at any stage of the foam evolution. In order to over-
come these difficulties we employed a shifted detection dif-
ference method. This consists of taking the difference be-
tween two spectral recordings of the multichannel analyzer.
In the first recording the Raman spectrum of a characteristic
molecular vibration is present~for example, the C-H stretch-

ing band!, although very weak, superimposed on the much
stronger parasitic background reaching the detector. In the
second a stepping motor effected an accurately controlled
wavelength displacement so that the relevant Raman band
was not imaged on the multichannel detector. As the para-
sitic scattered background is essentially the same, a differ-
ence between these two recordings results in a Raman spec-
trum of a good quality, which was further improved using
Fourier smoothing. The shift for the C-H region was of the
order of the free spectral coverage of the detection system —
400 cm21. A confirmation of the correctness of this experi-
mental procedure is that the resulting spectra have essentially
no background and at both ends approach the zero level.

III. RESULTS

We have investigated Raman spectra of three-dimensional
foam in the region of the C-H stretching vibrations,~2800–
3000! cm21, in the region of the skeletal C-C stretching
modes,~1050–1150! cm21, and in the~400–1500! cm21

methelene deformation region. In these regions the main
contributions come from the vibrational modes of the long
hydrocarbon ‘‘tails’’ ~acyl chains! of the surfactant mol-
ecules in the foam. As surfactant molecules play a central
role in the formation and stabilization of foam, an analysis of
their spectra can provide information on chain packing, chain
mobility, and chain conformation@10–14#. Thus a picture of
molecular structure in foam can be constructed.

We have studied the changes in the Raman spectra of
foam during aging for two separate cases. First, foam from
the first 10–50 g expelled from a can, which is of constant
density @15# and gives reproducible samples, was studied.
This is, we believe, a very stable foam as drainage of liquid
was very difficult to observe in the first 24 h. Examples of
Raman spectra in the C-H region at different stages of aging
such a sample of Gillette foam in a cell up to 24 h are shown
in Fig. 1. Comparison between the spectra shows that the
changes in the shape of the C-H band are insignificant, if
noticeable at all. A simple quantitative criterion, which is

FIG. 1. Raman spectra of constant density foam in the C-H
stretching region.The time dependence of the intensity ratio of the
main peaksR5I 2882/I 2847 is shown in the inset.
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generally used to measure lateral order of hydrocarbon
chains and gives information on chain packing and chain
mobility, is the ratioR of the intensities of the components at
2882 and 2847 cm21. R5I 2882/I 2847 is plotted in the inset to
Fig. 1 and clearly demonstrates the lack of spectral changes.
Its average value is around 1.67. Generally this behavior sug-
gests preservation of the structure of the thin liquid films on
the molecular level. Consequently the Raman signal comes
from a very stable foam in which the structure of the foam
films does not change. Recent studies of wet foams with
electronic spin resonance~ESR! obtained from a water solu-
tion of sodium dodecyl sulphate~SDS! @16# show significant
changes in foam molecular structure with aging. This sug-
gests that Gillette foam from the last 20% from the volume
of the can, in which the liquid content should be higher,
would be more influenced by aging and possibly provide
Raman spectral evidence about changes in the structure of
the liquid films.

We have studied the changes in the Raman spectra of
‘‘wet’’ foam from the bottom of the can during aging by
taking consecutive recordings at 30 min intervals starting
from formation of fresh foam to the first 6 h of aging, and
then at 24 h intervals to a foam aged 72 h. For comparison
purposes we have also investigated the Raman spectra of the
liquid that drained off the foam. The Raman spectra of dry
foam residue~the substance remaining after evaporation of
all the liquid from the foam, approximately five days after
leaving a fresh foam in the open at room temperature! have
also been investigated. Raman spectra of semidry foam resi-
due have also been studied—semidry meaning foam residue
which still has some of the liquid in it after being left in the
open. The aging of semidry foam residue at the time of the
experiments was 24 h. Due to the diffusive excitation all
Raman spectra of foam and dry residue reported in this work
were completely depolarized, so we have not tried to analyze
isotropic and anisotropic spectra.

Examples of Raman spectra in the C-H region at different
stages of aging a sample of Gillette foam in a cell up to 72 h
are shown in Fig. 2, together with the spectra of the dry and

semidry foam residues. Figure 3 shows their Fourier de-
convoluted analogs. A correlation between the changes in
liquid film thickness with aging and our spectroscopic data
could be very helpful but was not possible to establish as
measuring film thickness in three-dimensional~3D! foam is a
difficult task. Measuring liquid film thickness can usually be
accurately performed only for model single liquid films@17#.

Six superimposed bands can be distinguished in the C-H
stretching region, Fig. 3. Their assignment according to a
number of studies of polymethelene chains,n-paraffins, and
surfactants in this spectral region@10–14# is as follows. The
main peaks at 2847 cm21 and 2882 cm21 correspond to the
symmetrical (d1) and the antisymmetrical (d2) CH2
stretching modes, respectively. The components around 2935
and 2960 cm21 are assigned to the antisymmetrical and the
symmetrical stretching vibrations of the terminal CH3
groups. The band at 2935 cm21 also contains contributions
due to Fermi resonance interaction between the symmetric
methelene stretching moded1 and the continuum of over-
tones of the bending modes,d(CH2) @10#. The 2900 cm21

band, which is better observed in the deconvoluted spectra, is
due to Fermi resonance interaction between the components
mentioned above. The side component at 2916 cm21, which
is resolved in the deconvoluted spectra, can be observed only
in the C-H stretching spectra of foam aged in a cell. The
same band, not so well expressed, is observed in the spectra
of the semidry foam residue. It is not seen in the deconvo-
luted spectra of the dry residue.

The Raman skeletal C-C stretching region~1050–1150!
cm21 is most convenient to analyze changes in the intramo-
lecular conformations~trans vs gauche! within the acyl
chains@18#. Two intense peaks at approximately 1063 and
1131 cm21 are due to the C-C vibration modes in the all-
trans configuration, assigned to the in-phase C-C stretching
and the out-of-phase C-C stretching, respectively. Another
peak, less intense, observed in the case of phospholipid bi-
layers at around 1100 cm21 @19#, is assigned to the crystal-
line C-C stretching mode. It possesses a strong chain-length
dependence, with the wave number decreasing as the chain
shortens@20#. As gauche conformers are induced, for ex-
ample by changes in temperature or chain perturbations, a
feature at 1085–1095 cm21 appears@19#. The ratio between

FIG. 2. Examples of Raman spectra in the C-H stretching region
at different stages of ageing a sample of ‘‘wet’’ foam in a cell up to
72 h and of the dry and semidry foam residue. For more details see
text.

FIG. 3. Fourier deconvoluted analogs of spectra in Fig. 2.
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the intensities at 1090 and 1131 cm21 (I gauche/I trans) can be
used to monitor conformational changes in this region. Fig-
ure 4 shows examples of spectra recorded in the C-C vibra-
tion range of foam aged in a cell and of semidry foam resi-
due. These spectra are also representative of the spectra of
foam with constant density from the first 10–50 g expelled
from a can. Our sensitivity in this vibrational region is very
low due to the low scattering activities of the vibrations, and
any changes in the spectra are less than the experimental
scatter. It is clear that the two components at 1063 and 1131
cm21 dominate the spectra, while the;1090 cm21 compo-
nent, indicating the presence of gauche conformers, is not
observed. In the spectra of semidry foam residue the 1100
cm21 component is well observed, but is small in intensity.
As a whole the observed Raman spectra in the C-C stretch-
ing region suggest that most of the acyl chains in foam are in
the all-trans conformation.

Another informative vibrational region is~1400–1500!
cm21. Here the comparatively strong methelene deforma-
tion features fall in the same wave number intervals as the
weaker methyl symmetric and asymmetric bending modes,
but the main contribution to the Raman spectra is due to the
methelene vibrations. Moreover a manifold of two-phonon
states~first overtone states! of the 720 cm21 rocking modes
enter in Fermi resonance with the CH3 bending modes. The
methelene modes sensitively reflect changes in the lipid
chain packing characteristics for the gel and liquid crystal-
line phases in both Raman and infrared spectra of membrane
assemblies@21,22#. Thus the feature at 1460 cm21 decreases
in intensity at the gel-to-liquid crystalline phase transition
and broadens into the shoulder of the 1440 cm21 component
@19#. For perfect gauche structures the peak at 1460 cm21

should not exist@12#. Its appearance is the evidence of in-
tramolecular coupling of trans structures and its intensity is
proportional to their concentration. The characteristic fea-
tures of foam spectra in the~1400–1500! cm21 range, Fig.
5, conform with the conclusion of an all-trans conformation
drawn from the analysis of the C-C spectra. A component at
around 1416 cm21, associated with the formation of an

orthorhombic subcell for the acyl chains of polyethylene
@21#, is not observed in the spectra of foam. This can be used
as supportive evidence for the lack of orthorhombic struc-
tural packing. A shoulder at 1485 cm21 is clearly observed
in the spectrum of the semidry foam residue but its assign-
ment is open to interpretation.

After about 2 h of ageing a clear transparent liquid drains
off from the Plateau channels in ‘‘wet’’ foam. We obtained
its polarized Raman spectra in a standard 90° geometry. The
parallel and perpendicular spectra in the C-H stretching re-
gion are shown in Fig. 6. The C-H band is strongly polar-
ized, demonstrating the absence of parasitic scattering in the
liquid due to microscopic liquid crystals. A comparison of
the intensities of the water Raman O-H stretching band and
the C-H band in foam and in the liquid showed that water is
the dominant constituent in the drained off liquid. The shape
of the C-H band in the liquid~Fig. 6! is characteristic of
dilute aqueous solutions of surfactants@23#.

FIG. 4. Examples of Raman spectra of fresh foam in a cell and
of the semidry foam residue in the C-C vibrations range. For more
details see text.

FIG. 5. Examples of the Raman spectra of fresh foam and of the
semidry foam residue in the methelene C-H bending region. For
more details see text.

FIG. 6. ParallelAi and perpendicularA' Raman spectra of the
drained off liquid from Gillette foam in the C-H stretching region.
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IV. DISCUSSION

It is seen from the Raman spectra of ‘‘wet’’ foam in the
C-H region ~Figs. 2 and 3! that the band shape changes
weakly with aging. Its subcomponents are comparatively
well expressed in all stages of foam evolution and only their
relative intensities change. This makes us suppose that we
have a well defined molecular structure in Gillette shaving
foam under these conditions, which does not significantly
alter with aging. A more precise analysis of the structure of
the C-H band can be done with the help of a quantitative
parametrization describing it. The most widely used param-
eter is the ratioR between the peak intensities of the funda-
mental modesd1 andd2 which, as already mentioned, gives
information on conformational order and lateral packing of
the acyl chains@10–14,24#. However, we should bear in
mind the different behavior of both major modes in the C-H
band of long chain amphiphiles. Thed1 fundamental is sen-
sitive to the lateral packing of the acyl chains because of its
Fermi resonance interaction with the continuum of CH2
bending overtones, the latter being subject to significant in-
termolecular coupling. Its shape is associated with the spe-
cific type of crystallographic structure the chains can assume
@10#. For the hexagonal structures it is characterized with a
single narrow line at 2847 cm21, in contrast to the triclinic
forms, which have two maxima~2855 and 2847 cm21), and
to the orthorhombic-related structures having a slightly
broader line at 2847 cm21 @10#. Unlike thed1 mode which
is sensitive to lateral order, the antisymmetrical methelene
stretching moded2 is forbidden by symmetry to participate
in Fermi resonance interactions so it is merely superimposed
on the continuum of bending overtonesd(CH2) without ex-
periencing any change when they undergo intermolecular
coupling and is insensitive to lateral packing. Most fre-
quentlyd2 is considered to reflect conformational disorder
of the acyl chains although other information can also be
extracted@14,25#. Having in mind the different behavior of
the two major modes in the C-H band of long chain surfac-
tants we should be very careful when we consider the ratio of
the peak heightsR as a characteristic of both environment
and conformational disorder of extended chains in foam.
Nevertheless, values of 0.7 for completely melted chains in
the liquid state, 1.5 for vibrationally decoupled all-trans
chains, and 2.2 for highly ordered crystalline lattices have
been accepted@26# and used successfully in a number of
studies to determine structural changes in different complex
systems. UsingR for characterization of Gillette foam we
should also take into account the equimolar ratio of stearic
acid and triethanolamine present. As the acid has 16 C-H
oscillators and that of the amine has six, part of the Raman
signal in the C-H region will be due to the amine. We tried to
evaluate the influence of triethanolamine on the C-H Raman
spectra of foam by comparing their spectra, Fig. 7. Appar-
ently the presence of amine can increase the ratioR, because
one of the peaks in its C-H parallel spectrum is at 2886
cm21. However, we assume that this change would not be
significant as we do not observe the other two major compo-
nents of the amine spectrum~2835 and 2950 cm21) in the
spectra of foam~Fig. 7! and we can still correctly useR for
foam structure characterization.

In Fig. 8 is shown the dependence ofR on the time

elapsed from the formation of ‘‘wet’’ Gillette foam. The av-
erage value ofR is around 1.65. Values ofR close to these
are characteristic of vibrationally decoupled hydrocarbon
chains in the all-trans conformation. These have been ob-
served in highly ordered polymethelene chains@10#, as well
as in multilayer Langmuir-Blodgett films (R51.47 @27# and
R51.44 @28#!, and in lamellar phases of surfactants in water
solution @24#. Thus we can conclude that stearic acid mol-
ecules in foam are in the all-trans conformation and are or-
ganized in an ordered multilayer or crystal-like structure.
This is confirmed also by the appearance of the spectra of
foam and dry foam in the C-C stretching and C-H bending
regions~Fig. 4 and Fig. 5! and agrees with the fact that the
hydrocarbon tails of stearic acid molecules melt at 68 °C,
well above the temperature~24 °C! at which we have per-
formed the experiments.

Having assumed that an ordered phase exists in foam we
can try to determine the type of lateral molecular packing.
The shape of thed1 mode, a single band~Fig. 2, Fig. 3!,
shows that we have either hexagonal or orthorhombic pack-
ing. The spectra in the bending region show that an ortho-
rhombic lattice is not present as the line at around 1420
cm21, which is characteristic of this type of packing

FIG. 7. Raman spectrum of ‘‘wet’’ foam aged in a cell~A! and
parallel Raman spectrum of triethanolamine~B! in the C-H stretch-
ing region. The spectra are normalized to their intensity maxima.

FIG. 8. Dependence of the intensity ratioR of the C-H stretch-
ing band on the time elapsed from formation of ‘‘wet’’ foam.
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@12,21,24#, is not detected, Fig. 5. Therefore hexagonal pack-
ing of stearic acid molecules in all-trans conformation appar-
ently exists in Gillette foam. This conclusion can be further
substantiated by the appearance of the component at 2916
cm21 in the C-H spectra of foam. Its wave number is close
to the assignment of thed2(p) fundamental in the IR C-H
stretching spectra of extended polymethelene chains~2920
cm21, @10#! and it coincides with the observedd2(p) mode
in the IR spectrum of the gel state of octadecyl-
trimethylammonium chloride in water at 24 °C@25#. It is
natural to suppose that it is observed in the Raman spectrum
because of breaking of selection rules@29#. A similar effect
is connected with such changes in the symmetry of the mol-
ecule or in the crystal field in which it interacts, when the
new symmetry group does not include a center of symmetry.
The component at 2916 cm21 has been observed in the Ra-
man spectra of some of the organized amphiphilic systems
mentioned above@24,28#, and its appearance is connected
with the presence of gauche conformations which change the
symmetry of the molecule. As we have shown that stearic
acid molecules in foam are in the all-trans conformation they
have a group of symmetryC2h , including a center of inver-
sion @28#. Therefore if selection rules are weakened the site
group of the molecule should not have such a center. This is
so for hexagonal packing but not for orthorhombic@29#.

The studies of Friberg and Langlois@30# show that in a
solution having the same composition as the foam forming
solution ~stearic acid:triethanolamine in a molar ratio 1:1!,
with the exception of the additives, two phases can exist—
lamellar and isotropic. Combined with our spectroscopic ob-
servations this gives us enough ground to assume that the
highly organized ordered crystal-like structure in foam is due
to formation of a lamellar phase in the thin liquid films. The
Raman spectroscopic evidence suggests that the molecules of
the stearic acid are organized in this phase situated in the
sites of a hexagonal crystal lattice and are in the all-trans
conformation. Similar lamellar phases are referred to as gels
@19#.

It is interesting to consider the role of the amine in the
organization of the lamellar phase. Some suggestions can be
drawn by the analysis of the half-widths of thed2 funda-
mental in the Raman spectra of the C-H band. The size of the
unit cell in the crystal lattice of surfactants in the solid state
determines the ability of the hydrocarbon chains to rotate and
twist @10,14,25#. According to these studies of the C-H band
it is suggested that the motion of the chains is connected with
the half-width of thed2 mode @14,25# — the higher the
freedom of rotation around the axis of the chains the greater
the width. In Fig. 9 is shown the dependence of the half-
width of the d2 mode on the aging of ‘‘wet’’ foam. The
mean value is about 12 cm21. It is greater than the charac-
teristic half-width of 9 cm21 for long hydrocarbon chains in
a hexagonal packing@10#. It is also greater than the half-
widths of thed2 mode ~11 cm21) in Langmuir-Blodgett
multilayers of Cd and Ba stearates@27,28#. In Langmuir-
Blodgett multilayers@27,28# the freedom of rotation of the
surfactant molecules is limited, because of the small size of
the surfactant head groups, which bring the tails closer to
each other. In foam the greater half-widths suggest that the
motion of the acyl chains is not restricted to such an extent
and is probably due to a bigger size of the ‘‘heads’’ of the

amphiphilic compounds. One possible explanation of the in-
crease in the size of the ‘‘heads’’ is that the majority of
triethanolamine molecules are connected as a second layer to
stearic acid molecules of the bilayers. Thus a possible model
of the molecular structure of the foam gel could be based on
the following assumptions. When the triethanolamine stear-
ate is dissolved in water it will dissociate to acid and amine.
At the composition of the foam forming solution and at room
temperature, stearic acid molecules, driven by hydrophobic
interaction, will arrange in bilayers with their hydrocarbon
chains inside. The ionic head groups of the acid and amine
will attract each other. A layer of triethanolamine with its
O-H groups oriented outwards will be formed over the bi-
layer. The separate triethanolamine molecules are connected
to each other in this layer by hydrogen bonds with water
molecules serving as bridges between them. Thus each of
these complex bilayers has a hydrophilic surface and is not
charged. In view of the spectroscopic evidence we can also
assume that there is a long-range ordering in the lamellar
phase which is facilitated by the presence of water in the
system. Water molecules in the bulk are connected with a
network of hydrogen bonds. It is not disrupted in gel phases
@27,31# and serves as the connecting media between acid-
amine bilayers. This is supported by the changes in the C-H
stretching Raman spectra in the transition from foam to
semidry and dry foam residue, Fig. 2 and Fig. 3. It is evident
that as the water content in foam decreases and finally be-
comes zero the component at 2916 cm21 and the substruc-
ture of the bands around 2900, 2935, and 2960 cm21 disap-
pears. This can be explained by the disruption of hydrogen
bonds which support the ordering in the amine layers and in
the system as a whole.

The analysis of the Raman data so far shows that Gillette
foam can be considered as comprising two phases—isotropic
liquid and a liquid crystalline phase~gel!. Our Raman studies
of aging show that foam has the ability to retain the liquid
crystalline phase without significant changes in the structure
of the thin LF while the isotropic liquid is gradually released
along Plateau’s channels. This makes us believe that the an-
isotropic phase is strongly connected to the surface of the
bubbles. The following simple experiment supports this as-
sumption. We filled two 2 mm diam capillaries with fresh
foam and sealed them hermetically. In about 2 h columns of
clear transparent liquid about 5 mm high drained to the bot-
tom of the capillaries. At that moment a swift turn to 180° of

FIG. 9. Time dependence of the half-widths of the asymmetrical
C-H stretching fundamentald2.
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one of the capillaries caused bubbles from the foam to move
upwards through the liquid. After this the liquid appeared
very cloudy. When the same experiment was repeated with
the other capillary after a 24 hour period cloudiness of the
drained off liquid was not observed. These observations can
be explained if we assume that in fresh liquid films there is a
dispersion of discoidal bilayer lamellae. When the capillary
is turned upside down bubbles with loosely attached lamellae
float upwards, then the lamellae are gradually released and
mix with the liquid, inducing turbidity. After 24 h, the lamel-
lae organize in multilayer structures similar to liposomes,
strongly connected to the surface of the bubbles, so turbidity
is not observed.

It is well known that interfaces of the gas-liquid type have
a noticeable orientational effect on lamellar phases@31#. The
connection of the bilayer lamellae to the surface of the
bubbles after a characteristic period of time could be ex-
plained by the gradual orientation of the small lamellae par-
allel to the interface and their subsequent organization in
large bilayer structures. This effect should be the driving
force of the evolution of molecular structure of foam as
foams are characterized with an enormous surface area~gas-
liquid! per unit volume. Let us make an approximate evalu-
ation ofS—the surface area in 1 cm3 of Gillette foam. In 1
cm3 of fresh foam there is a volume fractionVg of gas
~spherical bubbles with diameterDb) and a volume fraction
Vl of liquid. The gas is contained inN56Vg/pDb

3 bubbles,
which are separated from the thin liquid films by an interfa-
cial area of S5NpDb

256Vg/Db. The bubbles in fresh
Gillette foam have a mean diameter of about 20mm and as
the gas fraction isVg50.92 cm3 @2# then in 1 cm3 of
Gillette foam we will have about 2003106 bubbles with
S53000 cm2. For comparison a cubic ‘‘drop’’ of liquid
with the same volume~80 m l! as the liquid in 1 cm3 of
Gillette foam, but not organized in foam, will have surface
area of only 1.1 cm3.

The ordering of the lamellar phase around the surface of
the bubbles can be explained by the following simple model.
Right after foam formation the thin LF contain a dispersion
of discoidal lamellar bilayers~lamellae! with finite sizes in
an isotropic phase. Assume that the surface of every bubble
pointing to the liquid films is hydrophilic, which is true for
the possible configuration suggested above—stearic acid
molecules connected with a layer of triethanolamine sup-
ported by hydrogen bonding with neighboring water mol-
ecules. To a first approximation we can assume that the bi-
layer lamellae do not interact with each other. There will be
an interaction between the molecules at the gas-liquid inter-
face and the lamellae in the LF which have the same hydro-
philic surfaces. It can be described by the potential energy
U(z) which a single lamella with unit area attains in prox-
imity to the interface. The potential energyUl of a single
square bilayer with an areaS5d2 close to a hydrophilic
interface, Fig. 10, is given by

Ul5E
S
U~z!dS. ~1!

Let us extend this expression in Taylor series around
point z0 ~the middle of the lamella!:

U~z!5U~z0!1U8~z0!~z2z0!1
1

2
U9~z0!~z2z0!

21 . . . .

~2!

For small angles of rotation we have

~z2z0!5~y2y0!F. ~3!

~1! Combining~1!–~3! we get

Ul5SSU~z0!1
1

6
U9~z0!D

2D , ~4!

where D5(d/2)F is the displacement of the end of the
lamella. We can assume that every lamella is a thermody-
namical system in equlibrium with the isotropic phase at
temperatureT. The probability to find a lamella at a distance
z0 from the interface and rotated to an angleF in respect to
the normal to the surface is given by Boltzmann’s law:

P~z0 ,F!/P~`,0!5expH 2
S

kT SU~z0!1
1

6
U9~z0!D

2D J .
~5!

It is clear that the lamellae are concentrated around the
point (zmin,0) for which we haveU(zmin,0)5Umin . The
sharp maximum of this distribution depends essentially on
the ratioS/kT. Thus bigger lamellae are better localized. For
S→` ~very big lamellae! we have ordering in a single layer
with a definite positionzmin . In this way we have shown that
an interface in foam induces ordering of bilayer lamellae into
a large bilayer structure in its closest vicinity. This bilayer
will similarly influence the remaining lamellae in the LF.
Gradually multilayer shells of lamellae will be formed
around the bubbles. The separate layers will be better local-
ized if they consist of bigger lamellae. For our foam system
the potential energyU(z) can be described as a sum of two
contributions:

U~z!5Uatr1U rep, ~6!

whereUatr is the potential describing the van der Waals at-
traction forces acting between hydrocarbon phases at very
large distances. For Uatr we have the well known formula
@32#:

FIG. 10. A single bilayer lamella in proximity to the bubble
surface.
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Uatr52
A

12z2
, ~7!

where A is the Hamaker constant. For membranes of
hydrocarbon tails it is of the order of (4–7)310221 J.

The repulsive forces between the separate lamellar bilay-
ers in Gillette foam, which are supposed to act at close dis-
tances, can be hydration or steric in origin. Their character
and their dependence on the distance between the bilayers
have not been studied for the present system. Therefore we
will assume a semiempirical description introducing the ratio

U rep/Uatr52
2

21a S zminz D a

, ~8!

wherea is a constant, which can be defined experimentally
and depends on the type of repulsive forces. When
a . 0 the repulsive forces will dominate at small distances.
This expression forU rep is realistic for some steric forces
@31#. The coefficient@22/(21a)# was chosen for conve-
nience in the analytical transformations. Combining~7! and
~8! we have

U~z!5
A

12z2 F 2

21a S zminz D a

21G . ~9!

It is seen from~9! that zmin is the distance at which the
potential energy is minimum. An estimate ofzmin can be
obtained from@30#, where it has been established that at
maximum water content in the stearic acid–triethanolamine–
water system the distance between the bilayers in the lamel-
lar phase is 3 nm. Let us also assume the following values of
the other parameters in~9!: A55310221 J, T524 °C,
a54.

We have calculated the probability density distributions
P(z0 ,F)/P(`,0) corresponding to the interaction potential
U(z) defined in~9!, for two sizes of the discoidal lamellae—
d530 nm andd5100 nm. The results are shown in Fig. 11
and Fig. 12. It is evident that small lamellae are poorly lo-
calized and have a great freedom of rotation. When the size
of the lamellae increases they are more strongly connected to

the neighboring large surface~bubble or extended bilayer!
and they have less rotational freedom, Fig. 12.

The process of discoidal lamellae growth can be followed
by changes inR and in the half-width ofd2. We have al-
ready established that the conformation of stearic acid is al-
most unchanged in the process of aging. This means that the
changes inR are due to changes in chain packing and chain
intermolecular interactions. The increase ofR from 1.55 for
fresh foam to 1.77 for foam aged 72 h suggests that the
molecular organization of surfactant molecules evolves from
an initial state of dispersed discoidal bilayers to big lamellar
bilayers arranged around the surface of the bubbles. When
we have a dispersion of small lamellae, part of the Raman
signal is due to the molecules at their curved ends. These
molecules do not take part in long-range interactions charac-
teristic of the main crystal-like part of the lamellae. As a
result their C-H stretching band will have smaller ratioR
than that of the C-H band, characterizing the vibrationally
coupled molecules from the main body. When the lamellae
group together the number of the molecules at their curved
ends will decrease andR will increase. A similar effect has
been observed in dispersions of biological membranes@33#.
The vibrationally decoupled end molecules have a greater
motional freedom and their rotation and twisting should be
more intensive. This is confirmed by the changes in the half-
width of the d2 mode with aging, Fig. 9. In fresh foam,
where we assume a dispersion of lamellae, it is 12.6 cm21

while at the end of the study, when we have large lamellar
structures, it is 11.5 cm21.

V. CONCLUSION

The understanding of the properties of three-dimensional
liquid foams in relation to their molecular structure is a chal-
lenging problem in the physics of dispersed systems. New
experimental techniques applied in this field are needed for
its solution. We have studied the structure of the thin liquid
films and its evolution in a stable three-dimensional foam by
Raman scattering and show that this is a method of great
potential due to its noncontact nature and the ability to ex-
tract information about characteristic molecular vibrations.

Our results show that the two phases existing in foam
films— lamellar and isotropic—can be easily identified by

FIG. 11. Normalized probability density to find a lamella at a
defined position in a foam liquid film~Fig. 10!. Lamella size is
d530 nm.

FIG. 12. Normalized probability density to find a lamella at a
defined position in a foam liquid film~Fig. 10!. Lamella size is
d5100 nm.
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their Raman spectra. An analysis of the Raman spectra in
three different vibrational regions showed that the lamellar
phase is in the gel state and is composed of amphiphilic
molecules in the all-trans conformation with hexagonal lat-
teral packing. A model of foam molecular structure and its
evolution is proposed. Small bilayer lamellae, dispersed ini-
tially in the foam liquid, gradually self-organize in large
closed multilayer structures around the bubbles. The arrange-
ment is initially induced by the gas-liquid interfaces and after
that by the interfaces of the larger bilayer structures with the
foam liquid. This process of organization in shell-like struc-
tures can be followed by changes in the characteristic param-
eters of the C-H stretching Raman band. We suppose that the
lamellar shells slow down gas diffusion between the bubbles
and contribute to the stability of the foam.

Unstable foams and thin liquid films can also be investi-
gated by Raman spectroscopy, but enhanced time resolution
capabilities, high sensitivity, and high signal-to-noise ratio
are necessary. Investigations of changes in the structure of
the O-H Raman band would provide valuable insight into the
dynamics of water in the confined geometry of the foam
films and are of current interest in the the physics of complex
fluids @34#.
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