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Abstract—The structure and morphology of aqueous dispersions, the gelation, and the intermolecular inter-
actions of water molecules with a Synthanol ALM-10 non-ionic low-molecular surfactant have been investi-
gated using viscosimetry, thermogravimetric analysis, IR spectroscopy, and phase-contrast and polarization
optical microscopy in the entire range of concentrations (from 0 to 100 wt %). The polymorphism and
polydispersity of Synthanol ALM-10 micelles have been detected. We have determined the gelation mecha-
nism in aqueous dispersions containing from 40 to 70 wt % of amphiphilic molecules. It is found that an
increase in the concentration in Synthanol ALM-10 dispersions is accompanied, first, with the formation of
inverse micelles of the surfactant, followed by sequential alteration of lyotropic mesophases with the hexago-
nal symmetry and new forms of bound water associated with the formation of clathrate hydrates. The viscosity
of the system increases significantly in this case. At high concentrations of Synthanol ALM-10 (exceeding
70 wt %), inverse micelles are mainly observed.

DOI: 10.1134/S1063784220090029

INTRODUCTION
The unique properties of water, which is an import-

ant component of biological media that is essential for
any living form, have been investigated in a large num-
ber of publications of famous scientists (Röntgen [1],
Frank and Evans [2], Samoilov [3], Bernal and Fowler
[4], Malenkov [5, 24], Pople [6], Pauling [7, 11, 18],
Frank and Wen [8], Nemethy and Scheraga [9, 10],
Eugene and Stanley [12, 20], Naberukhin [13, 19],
Poole et al. [14], Jao et al., [15], Urquidi et al. [16],
Tsai and Jordan [17], Zenin [21], Galamba [22], Sar-
kisov [23], Solovei and Lobyshev [25], and Sidorenko
et al. [26]). Nevertheless, the general theory of water
structure has not yet been developed.

Analysis of the behavior of water molecules inter-
acting with products of various chemical origins,
including surface-active substances (surfactants,
SAS), remains a topical problem [27–39]. Surfactants
are widely used in paper industry, textile and food
industries, in oil extracting and metal processing, in
industrial washing and cleaning of solid surfaces, in
manufacturing of domestic detergents and hygiene
products (soaps, shampoos, creams, and toothpastes),
and in pharmacology and medicine (e.g., in manufac-
turing of soft drugs and hydrogel bandage for healing

wounds and burns). In addition, surfactants are indis-
pensable in various chemical processes as a medium
for separating substances in chromatography [33–35],
as emulsifiers for emulsion polymerization of rubbers
[36–38], and in obtaining bitumen emulsions for
asphalt coatings of roads and for roof coating [39].

Among commercial surfactants, Synthanols (oxy-
ethylated alcohols) are mixtures of polyethylene glycol
esters differing in the numbers of oxyethylene groups
and in the size of a hydrophobic radical. The structural
theory explains the solubility of polyethylene glycols
(PEGs) in water by the closeness of the length of the
O–O bonds in the hexagonal structure of ice (0.274 nm)
and in PEG (0.276 nm), which makes it possible to
replace water molecules by oxygen atoms of PEG mol-
ecules.

This study is aimed at analysis of self-organization
process of SAS amphiphilic molecules and water mol-
ecules depending on the SAS concentration in aque-
ous dispersions, as well as the structure and morphol-
ogy of gels being formed.

1. EXPERIMENTAL
The objects of investigation were aqueous disper-

sions of Synthanol ALM-10 non-ionic low molecular
surfactant in a wide range of concentrations (from 3† Deceased.
1475



1476 ALEKSEEVA et al.

Table 1. Phase-transition temperatures of the SAS/water system obtained by the TGA method

SAS/water ratio,
wt %

Decomposition
steps, °C

Final decomposition 
temperature, °C

Phase-transition 
temperatures °C

0/100 90 98 84−90
10/90 93−118 391 81−359
20/80 87−160−377 411 83−88−388
30/70 93−103−155−384 425 80−101−106−400
40/60 85−156−252 429 83−403
50/50 94−168−408 433 81−108−401−408
60/40 80−96−172 424 85−111−387−403
70/30 95−109−122−169−249 441 72−114−127−249−405
80/20 78−164 436 59−407
90/10 195 431 48−124−408
100/0 197 440 407
to 95 wt %) with a step of 3–5 wt %, which were
obtained at room temperature. Prior to mixing, the
SAS paste was heated in a water bath at +70°C for
15 min for eliminating the previous history of the sample
(crystallization during storage). The initial material (Syn-
thanol ALM-10) consists of amphiphilic molecules of
oxyethylated alcohol CnH(2n + 1)O(C2H4O)m, where n =
10–13 is the carbon chain length and m = 10 is the
degree of ethoxylation. The molecular mass is
362.54 g/mol. The storage time for distilled water
prior to the preparation of dispersions did not exceed
three days.

The structural–morphological experiments with
SAS aqueous dispersions were performed using the
methods of phase-contrast and polarization micros-
copies in an analytical complex including a Leica
DM-2500 optical research microscope, a Leica
DFC-420 digital color camera, and the Leica Applica-
tion Suite specialized computer station and software.
Thin layers of water dispersions (“live drops”)
between the cover and object glasses were analyzed “in
transmission” in the wavelength range from 200 to
1200 nm, including near ultraviolet, visible light, and
infrared radiation. The main results of investigations
were obtained in the form of microphotographs.

The phase-transition temperatures for aqueous
dispersions with different concentrations were deter-
mined using thermogravimetric analysis (TGA) on a
STA 6000 device (Perkin Elmer). The samples were
heated in the temperature interval from 20 to 500°C at
a rate of 10°C/min with continuous fixation of the
sample mass loss to within ±10–4 mg and variation of
the heat f lux [mW] and the mass loss rate [mg/min]
depending on temperature. The results of investigation
are given in Table 1.

The variation of the dynamic viscosity of aqueous
dispersions for each SAS/water ratio was investigated
at a temperature of +25 ± 0.03°C in the shear rate
range from 1.5 to 125 s–1 on a Discovery Hybrid Rhe-
ometer-1 (TA Instruments, United States). The values
of viscosity of aqueous dispersions under a shear rate
of 34.36 s–1 were used for plotting the dependence of
the dispersion viscosity on the SAS content. This
parameter was chosen because the viscosity of water
obtained in these conditions corresponds to tabulated
values.

The IR spectra were obtained using a Spectrum
100 infrared Fourier spectrometer (Perkin Elmer,
United States) equipped with an attachment of frus-
trated total internal reflection (FTIR) with a diamond
crystal. The scanning range was from 650 to 4000 cm–1

with a resolution of 4 cm–1.

2. RESULTS AND DISCUSSION

The structural–morphological investigations of
Synthanol ALM-10 in the initial state of the material
revealed the presence of spherical diffusive associates
formed as a result of merging of direct and inverse
micelles consisting of SAS amphiphilic molecules
(Fig. 1a) with diameters varying from 0.3 to 1.3 μm.
Chain structures of optically dense spherical associ-
ates can also be clearly seen on microphotographs (see
Fig. 1a).

The hydrophilic part of the Synthanol ALM-10
molecule containing oxygen atoms exhibits a higher
optical density as compared to the hydrophobic “tail”
containing carbon links [40]. In direct SAS micelles,
the hydrophilic parts of molecules (with oxygen
atoms) are located at the periphery of micelles; for this
reason, direct micelles have a higher optical activity
(appear as dark regions on the microphotographs)
than “inverse” micelles (light circular formations), in
which hydrophobic fragments of molecules are
located at the periphery.
TECHNICAL PHYSICS  Vol. 65  No. 9  2020
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Fig. 1. (a, b, c) Microphotographs of initial Synthanol ALM-10 in the viscous-flow state and (d) of aqueous dispersion containing
90 wt % SAS obtained in (a, b, d) phase contrast and (c) crossed nicols regimes.
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In Synthanol ALM-10 samples, cylindrical
micelles with quite coarse rod-like particles of diame-
ter from 0.4 to 0.9 μm and with a length from 1.8 to
13.5 μm are formed with time because of intermicellar
interactions (Fig. 1b). After prolonged storage (for
more than three months at room temperature), analy-
sis in “crossed nicols” revealed the characteristic bire-
fringence indicating the formation of a long-range
order in packing of Synthanol ALM-10 molecules
both in spherical and cylindrical supermolecular for-
mations (Fig. 1c). Spherical associates consisting of
direct and inverse micelles with an average size of
4.5 μm were detected in the aqueous dispersion con-
taining 90 wt % SAS (Fig. 1d).

For low SAS contents (up to 6 wt %), only individ-
ual micelles exist in the aqueous solution, while super-
molecular structures with a size exceeding 100 nm are
absent. For an SAS content exceeding 6 wt % (the crit-
ical micelle-formation concentration (CMC) for Syn-
TECHNICAL PHYSICS  Vol. 65  No. 9  2020
thanol ALM-10), diffuse spherical associates of direct
micelles appear in the solution. For an SAS content of
10 wt %, their diameter varies from 200 to 800 nm
(Fig. 2a).

For a SAS content of 20 wt %, a skeleton of cyclic
structures (Fig. 2) resembling a microtrabecular struc-
ture of a living cell is formed [41]. The diameter of
supermolecular formations varies from 0.8 to 2.9 μm.

For an SAS content of 25 wt %, the formation of a
filamentary network with a “pearl necklace” mor-
phology was detected [42]; it consists of spherical par-
ticles with an average diameter of 6.1 μm (Fig. 2c).
This effect can be due to enhanced structuring of water
in the nearest surrounding of SAS macromolecules.
For a Synthanol ALM-10 concentration of 30 wt %,
the mutual ordering of molecules in aqueous disper-
sion is enhanced, and supermolecular formations
resembling dendrites appear (Fig. 2d).
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Fig. 2. Microphotographs of aqueous dispersions with Synthanol ALM-10 concentrations of (a) 10, (b) 20, (c) 25, and (d) 30 wt %
obtained in a phase contrast regime.
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However, analysis of these compositions in the

“crossed nicols” regime did not reveal birefringence.

In analysis of aqueous dispersions in the crossed nicols

regime, supermolecular structure exhibiting birefrin-

gence are present in samples with concentrations from

35 to 70 wt % (Figs. 3, 4). For a Synthanol ALM-10

concentration of 35 wt %, clusters of cylindrical direct

and inverse micelles are formed in aqueous disper-

sions (Figs. 3a, 3b). The sizes of birefringence zones in

this compound vary from 6.4 to 51.3 μm that alternate

with amorphous regions and do not form a single

frame.

Upon a further increase in the SAS content to

45 wt %, a fan-shaped texture is formed in the liquid

phase (Fig. 3c). Simultaneously, a gel is intensely

formed. The gel is characterized by the so-called “bro-

ken fan-shaped texture” (Fig. 3d) with a hexagonal

supermolecular organization of the mesophase [43].
In a Synthanol ALM-10 concentration range of

50–70 wt %, the fan-shaped texture is perfected (the

sizes of mesomorphic domains with identically oriented

macromolecular formations increase; Figs. 4a–4c).

For a SAS content of 75 wt %, microphotographs

clearly illustrate a layered lamellar morphology of the

sample (Fig. 4d). It should be noted that the structure

of lamellas varies in the birefringence intensity of the

ends and surfaces: we can see some lamellas in which

birefringence (and, hence, crystallographic order) is

stronger on the lamella surface, while the lamella end

does not exhibit birefringence. On the other hand, the

ends of other lamellas demonstrate strong birefrin-

gence. We probably observe lamella clusters of direct

and inverse micelles in the aqueous frame. Therefore,

fan-shaped liquid-crystal textures are formed in aque-

ous dispersions with a SAS content from 35 to 70 wt %.
TECHNICAL PHYSICS  Vol. 65  No. 9  2020



THE EFFECT OF THE CONCENTRATION 1479

Fig. 3. Microphotographs of aqueous dispersions with Synthanol ALM-10 concentrations of (a, b) 35 and ((c) liquid phase, and
(d) gel) 45 wt % obtained in (a, c, d) crossed nicols and (b) phase contrast regimes.
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For a Synthanol ALM-10 concentration of 80–
90 wt %, no liquid-crystal phase was detected in solu-
tions and gelation did not occur. It can be seen on the
microphotograph that such samples contain diffuse
spherical clusters consisting predominantly of inverse
micelles of diameter from 2.8 to 7.3 μm (see Fig. 1d).

For determining the phase-transition temperatures
in Synthanol ALM-10 solutions upon a change in the
concentration, aqueous dispersions and initial sub-
stances (distilled water and Synthanol ALM-10) were
investigated by the TGA method. The main results are
compiled in Table 1.

It can be seen from the table that initial distilled
water experiences two phase transition, which con-
firms the hypothesis of a two-structure model of water
[1, 2, 4, 5, 15, 24], and Synthanol ALM-10 experi-
ences one phase transition at 407°C. Two phase tran-
sitions are observed in aqueous dispersions for an SAS
TECHNICAL PHYSICS  Vol. 65  No. 9  2020
content up to 10 wt %. In this case, the final decompo-
sition temperature and the phase-transition tempera-
ture decrease significantly as compared to these char-
acteristics for Synthanol ALM-10 (by 49 and 48°C,
respectively), indicating the intermolecular interac-
tion between the SAS and water molecules.

A further increase in the concentration of SAS
aqueous dispersions is accompanied with a shift of the
low-temperature phase transition from 84°C (for
water) to 48°C (in the dispersion with 90 wt % SAS),
as well as the high-temperature phase transition of
water toward positive temperatures (from +90 to
+114°C for a SAS content of 70 wt %). Such a behavior
of solutions indicates the reorganization of two types
of the supermolecular structure of water molecules
interacting with the surfactant.

It is interesting that, upon an increase in the SAS
content from 20 to 70 wt %, the number of phase tran-
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Fig. 4. Microphotographs of aqueous dispersions with Synthanol ALM-10 concentrations of (a) 50, (b) 55, (c) 60, and (d) 70 wt %
obtained in a crossed nicols regime.
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sitions in aqueous dispersions increases. For an SAS

content of 70 wt %, five types of mesomorphic struc-

tures are formed sequentially with different degrees of

ordering because of the interaction of molecules of

water and Synthanol ALM-10, which is in good agree-

ment with the results of morphological analysis of

these systems (see Figs. 2–4). For Synthanol ALM-10

concentrations of 80 and 90 wt % in aqueous disper-

sions, the position of phase transitions on the tem-

perature scale remains almost unchanged.

The variation of segmental interactions in Syntha-

nol ALM-10 aqueous dispersions was estimated using

infrared spectroscopy. The distilled water spectrum

(Fig. 5a) has two peaks at frequencies of 1638 and

3500 cm–1, which is in conformity with the results of

thermogravimetric analysis. The broad bell-shaped

peak lying at a frequency of 3500 cm–1 contains stable

spectral components corresponding to hexagonal ice
(3200 cm–1), small-size complexes (3450 cm–1), and

(to a lesser extent) monomers (3650 cm–1).

In the spectrum of initial Synthanol ALM-10

(Fig. 5b), the main peak lies near 1100 cm–1. The posi-
tions on the frequency scale and the shape of extrema
of the IR-spectra of the initial components and aque-
ous dispersion for an SAS content of 6 wt %, which
corresponds to the critical concentration of micelle
formation, coincide (Figs. 5a, 5b, 5d). Therefore, no
intermolecular interaction between Synthanol ALM-10
and water were detected at this concentration of aque-
ous dispersions.

Figure 5c shows the IR-spectrum of aqueous dis-
persion containing 60 wt % SAS and having a gel-like
consistence. For this system, additional intermolecu-
lar interaction bands near 2900–3000 and 1200–

1500 cm–1 and a sharp increase in the absorption peak

height near 1100 cm–1 were observed. The bell-shaped
TECHNICAL PHYSICS  Vol. 65  No. 9  2020
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Fig. 5. IR spectra of (a) distilled water, (b) initial Syntha-
nol ALM-10, (c) aqueous dispersion containing 60 wt % of
Synthanol ALM-10, and (d) aqueous dispersion contain-
ing 6 wt % of Synthanol ALM-10.
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Fig. 6. Dependence of the dynamic viscosity of aqueous

dispersion of Synthanol ALM-10 on SAS content at a

shear rate of 34.36 s–1.

SAS content, wt %

V
is

c
o

si
ty

, 
P

a
 s

50

10

20

30

40

60

0
0 3 6 10 25 30 40 50 60 70 75 80 85 90 100

100

90

85

80

75

70

60

50

40

30

25

10

6

3

0

10.2381

0.20096

0.20263

0.32328

0.61972

18.0204

58.3692

50.5592

0.55869

0.08458

0.02358

0.03796

0.03887

0.03839

0.01164
peak also changed simultaneously (the intensity of

absorption at 3200 cm–1 typical of hexagonal ice
decreases). These results indicate an active intermo-
lecular interaction of water and Synthanol ALM-10
molecules.

For each SAS/water ratio, we measured the
dynamic viscosity and plotted the corresponding
dependences. For each sample, we chose the values of

the solution viscosity for a shear rate of 34.36 s–1. From
the chosen values, we plotted the graph describing the
dependence of viscosity on the SAS content (Fig. 6).
The numerical values of viscosity for a chosen shear
rate are given in the table in the right part of the figure.

It was found that the viscosity of the samples
demonstrated the maximal increase in the range from
40 to 70 wt % SAS. Aqueous dispersions had a gel-like
consistence for Synthanol ALM-10 concentrations
from 45 to 70 wt %, while the fan-shaped mesomor-
phic texture with different degrees of ordering was
detected in the concentration interval from 35 to
70 wt % SAS.

In our opinion, the reason for gelation of SAS
aqueous dispersions is the formation of clathrate
hydrates [44] consisting of a frame formed by water
molecules fixed by hydrogen bonds around Synthanol
ALM-10 macromolecules.

Analysis of the available models of the interaction
between water and amphiphilic SAS molecules reveals
that the model proposed by Galamba [22] in 2013
(Fig. 7), in which the scheme of intermolecular inter-
actions in the vicinity of hydrophobic substances has
been considered using molecular-dynamic simula-
tion, is the closest to the processes discovered in our
TECHNICAL PHYSICS  Vol. 65  No. 9  2020
study. This model is the development of the Iceberg
model formulated earlier by Frank and Evans [2].

Thus, we discovered the effect on each other of
water and an SAS molecule on the morphology and
the degree of ordering of supermolecular formations.
The parameter determining the formation of direct or
inverse spherical or cylindrical micelles (cyclic struc-
tures or mesomorphic textures) is the SAS/water ratio.
This circumstance must be taken into account because
local changes in the SAS content in aqueous disper-
sions are possible (e.g., in the absorption layer of poly-
mer–monomer particles during emulsion polymeriza-
tion [37, 38] or on the surface of impurities in multi-
component systems for other applications).

CONCLUSIONS

1. We have investigated self-organization of aque-
ous dispersions of non-ionic amphiphilic surfactant
Synthanol ALM-10 upon a change in its concentra-
tion in a wide range.

2. Using dynamic viscosimetry, we detected
extremal increase in the viscosity of aqueous disper-
sions of Synthanol ALM-10 in the concentration
range from 40 to 70 wt %.

3. Gelation (i.e., the formation of a spatial ensem-
ble of mutually ordered molecules) was detected in a
concentration range of 45–70 wt %, while the forma-
tion of mesomorphic structure (fan-shaped texture
with different degrees of ordering) was observed in
SAS aqueous dispersions in the concentration range
from 35 to 70 wt %.

4. Morphological investigations also revealed the
presence of predominantly direct micelles at low SAS
contents (up to 30 wt %). In the concentration interval
from 35 to 70 wt %, direct and inverse SAS micelles
incorporated in mesomorphic structures are observed,
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Fig. 7. Snapshots of aqueous CH4 showing (a) water’s “cage” around methane, corresponding to the water molecules in the first
hydration shell, and (b) two water pentamers forming nearly perfect regular tetrahedra, with the central water molecule and water
molecules at the four vertices [22].

(а) (b)
while predominantly inverse micelles are present for
higher SAS contents (exceeding 70 wt %).

5. TGA and IR studies of aqueous dispersions of
Synthanol ALM-10 revealed that an increase in the
SAS content is accompanied with the emergence of
new forms of bound water and the formation of clath-
rate hydrates.
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