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1. Introduction
Poloxamers are block copolymers of ethylene ox-

ide and propylene oxide represented by the following 
general formula [1, 2]:

Five types (grades) of poloxamers are described in 
the monograph «Poloxamers» of the European Pharma-
copoeia (Table 1) [1].

The nonproprietary name «poloxamer» is fol-
lowed by a number, the first two digits of which, when 
multiplied by 100, correspond to the approximate aver-
age molecular weight (Mr) of the polyoxypropylene (PPO) 
portion of the copolymer and the third digit, when multi-
plied by 10, corresponds to the percentage by weight of 
the polyoxyethylene (PEO) portion (% m/m) [2]. Polox-

amer 124 is a liquid, and poloxamers 188, 237, 338 and 
407 are white or off-white waxy powders, granules or 
flakes with a melting point of above 50 °C. Poloxam-
er 188 is soluble in water, and poloxamers 124, 237, 338 
and 407 are very soluble in water [1, 2].

Poloxamers are non-ionic surfactants; their PPO 
segment is hydrophobic, while the PEO chains are hydro-
philic [3]. Accordingly, poloxamers from solutions are 
adsorbed on interfacial surfaces [4]. At low concentra-
tions and temperatures, poloxamer molecules exist in 
solution as monomers (unimers) in which both the PPO 
block and the PEO chains are hydrated [5]. As the copo-
lymer concentration and/or solution temperature increas-
es, dehydration of the PPO chains occurs and, as a result 
of hydrophobic interactions, spherical micelles are 
formed in solution; the PPO chains are their cores, and 
the outer shells consist of hydrated PEO chains. The crit-
ical micelle concentration (CMC) and critical micelle 
temperature (CMT) decrease with increasing PPO block 
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content and molecular weight of the block copolymer [6]. 
The results of the CCM and CTM studies indicate that 
the formation of associates in aqueous solutions and the 
surface activity of poloxamers depend on their molecular 
characteristics [7, 8]. The thermodynamics of micelle 
formation in poloxamer solutions has been described 
by R. Alexandridis and co-workers [8]; this process is 
highly endothermic; during the micellisation, the entropy 
of the system increases due to the elimination of the hy-
drophobic hydration of the PPO chains. Poloxamer mi-
celles have the ability to solubilise hydrophobic com-
pounds [3], in particular, hydrophobic active substances 
used in pharmaceuticals, for example, in the development 
of anti-cancer drugs [9].

As the poloxamer content increases, the volume 
fraction of micelles increases. When the critical volume 
fraction of micelles is reached (c≥0.53), interactions be-
tween micelles occur. In the aqueous solution, lyotropic 
liquid crystals of cubic structure are formed from spher-
ical micelles, causing the sol→gel transition [10, 11]. Ly-
otropic liquid crystals can also be hexagonal or lamel-
lar [3, 10]. The temperature at which gel formation 
occurs increases as the length of the PEO chains increas-
es. At concentrations of about 20 % m/m in aqueous 
solutions of certain poloxamers at temperatures close to 
body temperature, a thermoreversible sol→gel transition 
occurs. In other words, when their solutions are heated, 
poloxamers contribute to the formation of gels (thermor-
eversible systems) [3, 10]. This peculiarity of poloxamers 
is widely used in the development of prolonged medicinal 
products intended for use in various fields of medicine 
(ophthalmology [12], gynaecology [13], surgery [14], on-
cology [9], etc.) and proposed for different routes of ad-
ministration: ophthalmic, injection, vaginal, transdermal, 
intra-articular [15–17]. At body temperature, transparent 
and stiff hydrogels are formed with an ordered structure 
formed by cubic lyotropic liquid crystals consisting of 
closely-packed spherical micelles [11]. These hydrogels 
are thought to result from a phase transition from a mi-
cellar solution state to a solid micellar cubic state [3]. 
Based on small-angle neutron scattering (SANS) and 
rheology results, the proposed mechanism of gelation is 
that it involves repulsive interactions among close-
packed spherical micelles rather than aggregation or 
transitions in micelle morphology to rods or lamellae [11].

Various methods have been used to study polox-
amer solutions, such as methods for determining surface 
and interfacial tension [18], cryogenic temperature trans-
mission electron microscopy (cryo-TEM), small-angle 

neutron scattering (SANS) and rotational viscome-
try [5, 11], 1H NMR spectroscopy [19], small-angle X-ray 
scattering (SAXS) [19, 20], capillary viscometry [21], 
dynamic and static light scattering, dye solubilisation 
technique, differential scanning calorimetry [6, 22], 
2D NMR, IR-, UV- and fluorescence spectroscopy, dy-
namic and static light scattering [21, 22], electric birefrin-
gence [18], etc.

Raman spectroscopy coupled to computational ap-
proaches has been exploited by M. T. Cook and co-authors 
in their work [23] to study thermally-induced processes in 
20 % aqueous solutions of P407. The authors of this work 
emphasise that due to the importance of poloxamer-based 
thermoresponsive materials, there remains a highly war-

ranted need to acquire a deeper understand-
ing of the thermally-induced gelation mech-
anism in these materials. The authors 
conclude that the results of their research on 
thermally induced sol→gel transitions can 
be explained by the following processes:

1) the structure of the hydrophobic 
PPO segments in the cores of the micelles 
becomes more ordered and, as a result, their 
intermolecular interactions with water mol-
ecules are weakened,

2) PEO chains occupying the outer region of these 
micelles undergo a transition to a more disordered state with 
increased interactions with surrounding water molecules.

In our opinion, a more specific and promising 
method for studying surfactant associates, and poloxam-
er associates in particular, is the spin probe method. 
Electron paramagnetic resonance (EPR) spectroscopy 
has been most widely used to study models and biologi-
cal membranes [24]. Two approaches can be distin-
guished: firstly, obtaining information from the EPR 
spectra of spin labels covalently bound to proteins [25, 26], 
and secondly, the use of spin probes (e.g., based on phos-
pholipids or fatty acids) containing nitroxyl radicals in 
their molecules [27, 28]. The spin probe method was the 
first to provide information on the mobility and order 
of molecules in lipid membranes [24].

The spin probe method has also been used to study 
surfactant associates [29–31]. By using different spin 
probes, it is possible to study different areas of the mi-
celle cores, the interface between the hydrophobic core 
and the hydrophilic shell, as well as the polar part of the 
micelles. This makes it possible to obtain comprehensive 
information about the structure of surfactant micelles, 
the consistency and viscosity of their non-polar core, the 
orderliness of the microenvironment surrounding the 
spin probe, as well as the hydration of radicals localised 
in different areas of the micelles [24]. In particular, using 
the spin probe method, it was shown that the packing 
density of hydrophobic PPO chains in P338 micelles is 
significantly higher than the packing density of alkyl 
chains in micelles of non-ionic, cationic and anionic sur-
factants [30]. In the study of P338 micelles, it was found 
that with an increase in temperature from 25 °C to 40 °C, 
the packing density and orderliness of the hydrophobic 
PPO chains in the micelle cores decreased. This leads to 

Table 1
Pharmacopoeial types of poloxamers 

Poloxamer 
type

Ethylene ox-
ide units (а)

Propylene ox-
ide units (b)

Content of 
oxyethylene (%)

Average rela-
tive molecular mass

124 (Р124) 10–15 18–23 44.8–48.6 2090–2360
188 (Р188) 75–85 25–30 79.9–83.7 7680–9510
237 (Р237) 60–68 35–40 70.5–74.3 6840–8830
338 (Р338) 137–146 42–47 81.4–84.9 12700–17400
407 (Р407) 95–105 54–60 71.5–74.9 9840–14600
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an increase in the volume of the P338 micelles, which 
could probably cause a thermally induced sol→gel tran-
sition [31]. The consistency of P338 micelle cores at 
40 °C in the case of gel formation can be characterised as 
two-dimensional liquid and one-dimensional solid (in 
the radial direction) [31, 32]. Such conclusions diverge 
from the assumptions of the authors based on the results 
of research using Raman spectroscopy and quantum me-
chanical calculations [23], as well as from ideas about the 
solid state of micellar cubic structure [3].

It is reasonable to use the spin probe method to 
study the structure of associates of different poloxamers, 
particularly at sol→gel transitions induced by increasing 
the temperature and concentration of block copolymers. 
The results of the studies by spin probe method should be 
compared with the rheological properties of poloxamer 
solutions. Rheological studies of solutions for those 
poloxamers described in the European Pharmacopoeia 
are also rational, as the comparative studies by these two 
methods are not described in the scientific literature. 
Most of the articles are devoted to studies of poloxam-
er 407 [9, 10, 23] or its derivatives [33]. Furthermore, due 
to the acceptable variability in the molecular structure of 
poloxamers in different batches [1], studies by both meth-
ods should be carried out using the same samples of 
aqueous solutions of poloxamers.

The aim was the study of aqueous solutions of 
different poloxamers by spin probe method and rotation-
al viscometry depending on the temperature and polox-
amer content.

2. Planning (methodology) of the research
The experiment was designed to use aqueous 

solutions of poloxamers 188, 237, 338 and 407 with 
different concentrations at which thermally induced 
sol→gel transitions occurred or did not occur. The 
study was to be conducted at temperatures of 25 °C 
(storage temperature), 32 °C (skin temperature) and 
37 °C (rectal and vaginal temperature), and in some 
cases at temperatures below 25 °C.

It was planned to study the rheological properties 
of aqueous solutions of poloxamers depending on the 
type of poloxamers, their content, and temperature. It 
was necessary to determine the rheological parameters of 
poloxamer solutions depending on the variables and to 
distinguish between the conditions under which aqueous 
solutions of poloxamers are Newtonian liquids and those 
under which they are gels.

It was planned to use the spin probe method to 
detect changes in supramolecular structures formed by 
poloxamers in aqueous solutions, accompanied by chang-
es in the rheological properties of these solutions. The 
spin probe method is indirect; it provides information 
about the object of study based on the EPR spectra of 
spin probes and the parameters of the obtained spectra 
depending on certain variables [24]. That is, information 
can be obtained about the behaviour of the probe in the 
phase of its localisation, which can be used to assess the 
state of this phase. It was of interest to establish the rela-
tionship between the change in the parameters of the EPR 

spectra and the sol→gel transitions in aqueous solutions 
of poloxamers. For the study, 5 spin probes were used to 
detect associates of poloxamers at the interface of polar 
and non-polar parts, at different levels of the hydrophobic 
core, and in the hydrophilic shell of micelles.

These extensive studies were designed to deter-
mine how and why poloxamer-based gels form at elevat-
ed temperatures.

3. Materials and methods
The following substances were used in the experi-

ments: poloxamer 188 (Kolliphor® P 188 – P188), poloxam-
er 237 (Kolliphor® P 237 – P237), poloxamer 338 (Kolliph-
or® P 338 – P338), poloxamer 407 (Kolliphor® P 407 – P407) 
(BASF) and purified water (hereinafter – water) [1].

The aqueous solutions with poloxamer contents of 
10 % m/m, 15 % m/m, 20 % m/m and 25 % m/m were the 
subjects of the study. The poloxamers were dissolved in 
water at about 12 °C, and the solutions were then de-
gassed. These solutions were tested at 25 °C, 32 °C, and 
37 °C as well as below 25 °C. 

Rheological properties were studied by rotational 
viscometry [1]. Rheograms (plots of the shear stress (τr) 
vs the shear rate (Dr)) were obtained using a rotating 
viscometer «Rheolab QC» with coaxial cylinders CC-27 
(for gels) and DG-42 (for liquids) («Anton Paar GmbH»; 
software RHEOPLUS, 2.66 version). Rheograms were 
used to characterise the flow behaviour and to deter-
mine the dynamic viscosity (η) of Newtonian liquids or 
the apparent viscosity (η) of gels as well as the yield 
stress (τ0) of gels [1, 2].

The viscosity (η) was calculated using the follow-
ing equation:

η=τr/Dr.   (1)

Electron paramagnetic resonance (EPR) spectros-
copy was used for the research [24, 34, 35]. The follow-
ing spin probes were used:

– probe 1: 4-Palmitamido-2,2,6,6-tetramethylpiperi-
dine-1-oxyl (Mr 409.67; CAS [22977-65-7]) (4-Palmitami-
do-TEMPO); 

– probe 2: 4-[(N,N-dimethyl-N-hexadecyl)am-
monio]-2,2,6,6tetramethyl-piperidine-1-oxyl iodide (Mr 
551.65; CAS [114199-16-5]); 

– probe 3: 5-DOXYL Stearic acid, ammonium salt 
(Mr 401.61) (5-DSA, NH4 salt); 

– probe 4: 16-DOXYL Stearic acid (Mr 384.57; 
CAS [53034-38-1]) (16-DSA); 

– probe 5: 4-Oxo-2,2,6,6-tetramethyl-1-piperidiny-
loxy (Mr 170.23; CAS: [2896-70-0]) (4-OXO-TEMPO).

Probe 1 and probe 4 simulated lipophilic surfac-
tants. Probe 2 and probe 3 simulated cationic and anion-
ic surfactants, respectively. During the solubilisation of 
probe molecules by micelles, the free radicals of probe 
1 and probe 2 are localised in the hydrophilic part, and 
their alkyl chains are localised in the hydrophobic core. 
The doxyl radicals of probes 3 and 4 are located, near 
the 5th and 16th carbon atoms, respectively, of the alkyl 
chains localised in the hydrophobic core of the micelles. 

https://en.wiktionary.org/wiki/shear_stress
https://en.wiktionary.org/wiki/shear
https://en.wiktionary.org/wiki/flow
https://scifinder.cas.org/scifinder/substances/answers/B64F8E5BX86F350B0X4E2F32CD34BAF5FC47:B664C6C0X86F350B0X427B83B313EA21D1C0/1.html?key=REGISTRY_114199-16-5&title=114199-16-5&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXJzMzE2czZIMLCzM3Y1MDJIMLEyNzJwtjJ2NDY1dHI0MXQ2QCoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYELaGBGCQN3cGiAa1B8kL-PazBQJL-4kKGOgRkoz1jCwFRUhmqjU35-Tmpi3lmFooarc369A9oYBbOxgAEAhh8-pg&sortKey=RELEVANCE&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/substances/answers/B64F8E5BX86F350B0X4E2F32CD34BAF5FC47:B664C6C0X86F350B0X427B83B313EA21D1C0/1.html?key=REGISTRY_114199-16-5&title=114199-16-5&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXJzMzE2czZIMLCzM3Y1MDJIMLEyNzJwtjJ2NDY1dHI0MXQ2QCoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYELaGBGCQN3cGiAa1B8kL-PazBQJL-4kKGOgRkoz1jCwFRUhmqjU35-Tmpi3lmFooarc369A9oYBbOxgAEAhh8-pg&sortKey=RELEVANCE&sortOrder=DESCENDING
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The probe 4-OXO-TEMPO could be simultaneously 
soluble in water and localised in the hydrophilic part of 
micelles/mesophases formed by non-ionic surfactants. 
When the phases of the probe localisation differed sig-
nificantly in the polarity of the radical environment, the 
EPR spectrum of the probe 4-OXO-TEMPO was super-
imposed, and the signal was split into two lines in the 
high field [23, 34, 35].

The spin probes were added to the studied solu-
tions at a concentration of 10–4 mol/l. The EPR spectra 
were recorded using the «ESR Spectrometer CMS8400» 
(«Adani»). The type of EPR spectra (triplet, anisotropic 
spectrum, singlet, superposition spectrum), the peak 
heights, and the linewidth at the low-field (∆H+1), central 
(∆H0) and high-field (∆Н–1) components were deter-
mined. The rotational correlation times of the spin 
probes (τ+1, τ–1, τ±1) and the anisotropy parameter (ε) were 
calculated using the following equations [24, 34, 35]:
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where h+1, h0 and h–1 are the peak-to-peak heights at the 
low-field, central and high-field components of EPR 
spectrum; ∆Н+1 and ∆Н0 are the linewidth at low-field 
and central components, respectively.

The reorientation of nonspherical molecules dis-
solved in a liquid is characterised by two different cor-
relation times: τ–1, which is associated with fluctuations 
in directions perpendicular to the long axis of the probe, 
and τ+1, which is associated with its rotation around the 
long axis [34]; in addition, the values of τ±1 were calculat-
ed [35]. The rotational correlation time of the spin 
probe (τ) is directly proportional to the effective radius of 
the molecule (R) and to the microviscosity of its local 
surrounding (η) and inversely proportional to the abso-
lute temperature (T) [24, 34]:

( )34 / 3 .τ = ⋅π ⋅ ⋅η ⋅ ⋅R k T     (6)

In the case of the triplet spectra for probes 1, 2 and 
5, the AN constant was determined as the distance (mT) 
between the central and high-field components [34]. In 
the case of the EPR spectra for probe 3 and probe 4, the 
AN constant and the order parameter (S) were calculated 
after the determination of the hyperfine splitting con-
stants 
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The parameter γ characterising the half-amplitude 
of molecular motion was determined by the order param-
eter (S) using the calibration graph [24].

A circulating thermostat Julabo F12-ED («Julabo 
Labortechnik GmbH») was used to maintain the required 
temperature.

4. Research results
4. 1. Study of aqueous solutions of poloxamers 

by rotational viscometry
At 25 °C, 15 % aqueous solutions of poloxamers 

are Newtonian liquids (Fig. 1) whose dynamic viscosity 
depends on the type of poloxamer: it was 6.7 mPa·s in the 
case of P237, 7.4 mPa·s – P188, 23.7 mPa·s – P338 and 
45.2 mPa·s – P407.

At temperatures between 25 °C and 37 °C, P188 
solutions are Newtonian liquids in the concentration 
range of 10 % to 25 %. The dynamic viscosity of the 
25 % solution of P188 is 22 mPa·s at 25 °C, 19 mPa·s 
at 32 °C, and 17 mPa·s at 37 °C. That is, the dynamic 
viscosity of the 25 % P188 solution decreases with in-
creasing temperature.

On the contrary, as the temperature is increased 
from 25°C to 32°C, the dynamic viscosity of a 25 % 
P237 solution increases from 31 mPa·s to 110 mPa·s. With 
a further increase in temperature to 37 °C, a sol→gel tran-
sition occurs (Fig. 2). The gel is characterised by plastic 
flow behaviour with a lower yield stress of 612 Pa and 
apparent viscosity of 66870 mPa·s (at Dr=14.6 s–1), 
25210 mPa·s (at Dr=41.6 s–1), 13250 mPa·s (at Dr=82.3 s–1).

In the case of P338, the sol→gel transition occurs 
for 20 % aqueous solution when the temperature is raised 
to 32 °C (Fig. 3, a), and 25 % P338 solution is a gel with a 
plastic flow behaviour at 25 °C, 32 °C and 37 °C (Fig. 3, b). 
When cooled to 20 °C and 15 °C respectively, this gel be-
comes a Newtonian liquid with a dynamic viscosity of 
290 mPa·s and 80 mPa·s (Table 2).

Fig. 1. Rheograms of 15 % aqueous solutions of polo-
xamers: 1 – Р237; 2 – Р188; 3 – Р338; 4 – Р407 (at 25 °C)
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The dynamic viscosity (η) of P338 solutions, which 
are Newtonian liquids, as well as the rheological parame-
ters (τ0, η at different Dr) of the gels, increases with in-
creasing P338 concentration and temperature (Table 2).

Table 2
Rheological parameters of P338 solutions at various 

poloxamer concentrations (С) and different temperatures (t) 

t С, % 
m/m τ0, Pa η (mPa·s) at Dr

14.6 s–1 41.6 s–1 82.3 s–1

15 °C 25 % 0 80.0*
20 °C 0 290*

25 °C

10 % 0 7.0*
15 % 0 23.7*
20 % 0 110.0*
25 % 301.2 22600** 8220** 4290**

32 °C

10 % 0 12.4*
15 % 0 62.0*
20 % 207.1 16600** 6000** 3090**
25 % 466.4 33500** 12000** 6190**

37 °C

10 % 0 16.4*
15 % 0 94.0*
20 % 267.3 20600** 7350** 3780**
25 % 534.8 37470** 13420** 6930**

Note: * – dynamic viscosity; ** – apparent viscosity 

In the case of P407, the change from Newtonian to 
non-Newtonian flow behaviour occurs even for 15 % 
aqueous solution when the temperature is increased to 

Fig. 2. Rheograms of 25 % Р237 solution at: 1 – 25 °C; 
2 – 32 °C; 3 – 37 °C

Fig. 3. Rheograms of Р338 solutions: a – 20 %;  
b – 25 %; at: 1 – 25 °C; 2 – 32 °C; 3 – 37 °C

a

b

Fig. 4. Rheograms of Р407 solutions: a – 20 %;  
b – 25 %; at: 1 – 25 °C; 2 – 32 °C; 3 – 37 °C

a

b
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37 °C (Table 3). At 25 °C, 32 °C, and 37 °C, 20 % and 
25 % P407 solutions are gels with plastic flow be-
haviour (Fig. 5). At 20 °C, the 25 % P407 solution is still 
a gel, and at 15 °C it is a Newtonian liquid (Table 3).

Table 3
Rheological parameters of P407 solutions at various 

poloxamer concentrations (С) and different temperatures (t) 

t С, % 
m/m τ0, Pa η (mPa·s) at Dr

14.6 s–1 41.6 s–1 82.3 s–1

10 °C
25 %

0 60.0*
15 °C 0 190.0*
20 °C 233.2 23660** 9310** 5120**

25 °C

10 % 0 7.7*
15 % 0 45.2*
20 % 166.4 15600** 5970** 3280**
25 % 331.7 29880** 11500** 6200**

32 °C

10 % 0 9.2*
15 % 0 80.0*
20 % 240.1 20780** 7850** 4200**
25 % 378.1 34230** 13020** 7060**

37 °C

10 % 0 10.5*
15 % 25.1 2158** 892** 530**
20 % 323.6 23100** 8530** 4440**
25 % 410.9 36590** 13760** 7390**

As in the case of aqueous solutions of P338, the 
dynamic viscosity (η) of aqueous solutions of P338, 
which are Newtonian fluids, as well as the values of the 
rheological parameters (τ0, η at different Dr) of the gels 
increase with increasing concentration of P407 and tem-
perature (Table 2).

When comparing the rheological parameters of 
gels based on 25 % aqueous solutions of different polox-
amers at 37 °C, the highest values of apparent viscosity 
and lower yield stress are characteristic of the gel 
with P237. The rheological parameters of gels with P407 
are generally slightly higher than those with P338, but 
they are comparable.

4. 2. Study of aqueous solutions of poloxamers 
by the spin probe method

The EPR spectra of fatty acid-based spin probes 
solubilised in poloxamer associates have a characteristic 
shape; they are triplets or anisotropic spectra (in the case 
of the probe 3 – 5-DSA NH4 salt) from which certain 
spectral parameters can be calculated. EPR spectra are 
singlet if the lipophilic probe is not solubilised and 
its molecules form associates in an aqueous medium. 
EPR spectra are also singlet when domains from 
probe molecules are formed in poloxamer associates. 
Representative EPR spectra of lipophilic probe 1 in solu-
tions of poloxamers are shown in Fig. 5, and the parame-
ters of these EPR spectra are given in Table 4.

In a 25 % P188 solution at 25 °C, the lipophilic 
probe 1 is almost not solubilised; its EPR spectrum is 
predominantly a singlet (Fig. 5, a). However, with in-
creasing temperature, the ability of P188 associates to 
solubilise the probe increases and at 32 °C the EPR spec-
trum transforms into a triplet (Fig. 5, a). The EPR spectra 

of probe 1 in 25 % P237solution, 20 % P338 solution and 
15 % P407solution are triplet (Fig. 5, b, Table 4), indicat-
ing that molecules of probe 1 are localised in the polox-
amer associates, are uniformly distributed there and un-
dergo rapid lateral diffusion. The nitroxyl radical of 
probe 1 is localised in the hydrophilic part of the polox-
amer associates formed by hydrated PEO chains, as evi-
denced by the values of the AN constant (Table 4). The 
alkyl chain of probe 1 is localised in the hydrophobic part 
of the poloxamer associates formed by PPO chains.

Fig. 5. Representative EPR spectra of lipophilic probe 1 
in: a – 25 % P188 solution; b – 20 % P338 solution; at: 

1 – 25 °C, 2 – 32 °C, 3 – 37 °C

a

b
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Table 4
Parameters of the EPR spectra of spin probe 1 in 
poloxamer solutions at different temperatures (t)

Object t, °C AN, mT τ–1, ns τ±1, ns ε Spectrum 
type

25 % Р188 
solution 

25 – – – – singlet
32 1.62 0.27 0.75 –0.13 triplet
37 1.61 0.23 0.62 –0.15 triplet

25 % Р237 
solution

25 1.63 0.47 1.39 –0.18 triplet
32 1.61 0.32 0.97 –0.18 triplet
37 1.60 0.28 0.81 –0.19 triplet

20 % Р338 
solution

20 1.66 0.75 2.37 –0.14 triplet
25 1.64 0.48 1.42 –0.19 triplet
32 1.62 0.34 0.97 –0.18 triplet
37 1.60 0.27 0.84 –0.18 triplet

15 % Р407 
solution

25 1.61 0.59 1.47 –0.12 triplet
32 1.60 0.33 0.94 –0.18 triplet
37 1.59 0.28 0.80 –0.20 triplet

25 % P237 solution is the gel at 37 °C (Fig. 2), 20 % 
P338 solution is the gel at 32 °C and 15 % P407solution is 
the gel at 37 °C (Table 3). The parameters of the EPR spec-
tra of probe 1 in the poloxamer associates change with in-
creasing temperature (Table 4). First, the rotational cor-
relation times (τ–1, τ±1) decrease by a factor of 1.4 to 1.8 at 
32 °C and by a factor of 1.7 to 2.1 at 37 °C. The linewidth 
at the high-field component of the spectra (∆Н–1) shown in 
Fig. 5, b, decreases with increasing temperature, and it is 
0.35 mT at 25 °C, 0.29 mT at 32 °C, and 0.26 mT at 37 °C. 
Secondly, there is a tendency for the values of the AN con-
stant to decrease, indicating a decrease in the polarity of 
the nitroxyl radical environment. In addition, in the case of 
15 % P407 solution, there is a decrease in the anisotropy 
parameter (ε) with increasing temperature from 25 °C 
to 37 °C. In the case of 25 % P237 solution and 20 % P338 
solution, the values of the parameter ε are almost the same 
with increasing temperature.

It is reasonable to compare the values of τ–1 and τ±1 
of spin probe 1 in solutions of poloxamers (Table 4), 
where their molecules are solubilised by micelles, with 
the values of τ–1 and τ±1 of spin probe 1 in liquid paraffin 
and white soft paraffin (Table 5). This comparison is 
somewhat tentative as liquid paraffin and white soft par-
affin are isotropic substances, whereas micelle cores are 
anisotropic in viscosity. However, this comparison can 
be used to assess the consistency of the micelle cores.

Table 5
Parameters of the EPR spectra of the spin probe 1 in 

liquid paraffin and white soft paraffin at 25 °C
Object τ–1, ns τ±1, ns ε AN, mT

Liquid paraffin 0.28 0.70 –0.21 1.56
White soft paraffin 0.47 1.34 –0.18 1.56

At 25 °C the values of τ–1 and τ±1 of probe 1 in 
solutions of poloxamers P237, P338, and P407 are close 
to the values of τ–1 and τ±1 of probe 1 in the case of white 
soft paraffin (Tables 4, 5). At 37 °C the values of τ–1 and 
τ±1 of probe 1 in solutions of poloxamers P188, P237, P338 

and P407 are similar to the values of τ–1 and τ±1 of probe 1 
in the case of liquid paraffin at 25 °C (Tables 4, 5). This 
means that at the temperature increase of 12 °C, the mi-
celle cores formed by the poloxamers melt and their 
consistency changes from semi-solid to liquid. At 37 °C 
(the temperature at which solutions of poloxamers P237, 
P338 and P407 are gels), the values of τ–1 and τ±1 of 
probe 1 are in the rapid rotation range. Since the position 
of the PPO chains in the micelle cores is fixed in the ra-
dial direction, their consistency can be characterised as 
two-dimensionally liquid and one-dimensionally sol-
id [32]. With decreasing temperature, the viscosity of 
micelle cores increases; for example, at 20 °C, the τ±1 
value of spin probe 1 in P338 micelles is 2.37 ns (Table 4), 
which corresponds to the slow rotation range [24, 34, 35].

The nitroxyl radical of the hydrophilic spin probe 2 
is also localised in the hydrophilic part of the poloxamer 
associates and the alkyl chain – in their hydrophobic part. 
Representative EPR spectra of hydrophilic probe 2 in a 
20 % P338 solution are shown in Fig. 6, and the parame-
ters of these spectra are given in Table 6.

In the case of the EPR spectra of the hydrophilic 
probe 2, a decrease in the values of τ+1, τ–1, τ±1 was also 
observed with increasing temperature, and there were 
tendencies to decrease in the values of the AN constant 
and the anisotropy parameter (ε) (Table 6).

Table 6
Parameters of the EPR spectra of spin probe 2 in 20 % 

P338 solution at different temperatures (t)
t, °C AN, mT τ+1, ns τ–1, ns τ±1, ns ε Spectrum type
20 1.64 1.58 0.76 1.55 0.12 triplet
25 1.62 0.94 0.55 1.15 0.10 triplet
32 1.61 0.59 0.44 0.98 0.08 triplet
37 1.60 0.57 0.41 0.85 0.07 triplet

Fig. 6. Representative EPR spectra of hydrophilic probe 2 in 
20 % P338 solution at 1 – 25 °C, 2 – 32 °C, 3 – 37 °C
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The EPR spectra of probe 3 (5-DSA NH4 salt) in 
solutions of poloxamers P237, P338 and P407 were aniso-
tropic spectra (Fig. 7, b, 8) characterised by the order 
parameter (S) and the parameter γ of probe 3 (Table 7).

The doxyl radical of probe 3 is localised in the hy-
drophobic part of poloxamer associated at the level of the 
fifth carbon atom in the alkyl chain of this probe. In the 
case of spin probe 3 introduced into solutions of poloxam-
ers P237, P338 and P407, the order parameter (S) of the 
EPR spectra decreases with increasing temperature from 
25 °C to 37 °C. Thereby, the parameter γ increases (Ta-
ble 7). This indicates that the microenvironment of probe 
3 becomes less ordered with increasing temperature. In 

contrast, at 25 °C the EPR spectrum of probe 3 in a 20 % 
P188 solution is a triplet (S=0.09); at 32 °C the EPR spec-
trum is a superposition of two triplet spectra and at 37 °C 
it becomes an anisotropic spectrum (S=0.35) (Ta-
ble 7, Fig. 7, a). The EPR spectra of probe 3 in P188 solu-
tion (Fig. 7, a), which does not form a gel, are very differ-
ent from the EPR spectra of probe 3 in solutions of 
poloxamers P237, P338 and P407, which form gels (Fig. 7).

The values of the AN constant indicate that the en-
vironment of the doxyl radical of probe 3 is non-polar. 
With increasing temperature, in the case of micelles of 
poloxamers P188 and P237, a slight tendency to increase 
in the values of the AN constant was observed, which 
could be due to the penetration of water molecules into 
the non-polar core. In the case of micelles of poloxamers 
P338 and P407, there was only a slight increase in the 
value of the AN constant at 37 °C. This means that, against 
the background of a significant decrease in the packing 
density of the PPO chains in the micelle cores, there is 
almost no penetration of water into the non-polar core at 
the level of the 5th carbon atom of the alkyl chain of spin 
probe 3.

Fig. 7. EPR spectra of probe 3 in: a – 20 % P188 
solution; b – 20 % P338 solution; at 1 – 25 °C, 2 – 32 °C, 

3 – 37 °C

a

b

Fig. 8. EPR spectra of probe 3 in: a – 20 % P237 solution; 
b – 20 % P407 solution; at: 1 – 25 °C, 2 – 32 °C, 3 – 37 °C

a

b
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Table 7
Parameters of the EPR spectra of spin probe 3 (5-DSA 
NH4 salt) in 20 % solution of poloxamers at different 

temperatures (t)
Object t, °C AN, mT S γ, ° Spectrum type

20 % Р188 
solution

25 1.52 0.09 82.0 triplet
32 1.54 superposition
37 1.55 0.33 63.1 anisotropic 

20 % Р237 
solution

25 1.48 0.46 54.1 anisotropic 
32 1.51 0.40 58.0 anisotropic
37 1.53 0.39 59.0 anisotropic 

20 % Р338 
solution

20 1.52 0.54 48.8 anisotropic 
25 1.48 0.45 55.0 anisotropic
32 1.48 0.42 56.9 anisotropic 
37 1.49 0.39 59.0 anisotropic 

20 % Р407 
solution

25 1.50 0.46 54.1 anisotropic
32 1.50 0.41 57.5 anisotropic
37 1.53 0.37 60.0 anisotropic 

No gels are formed in the 20 % P237 solution at 
temperatures from 25 °C to 37 °C, but the values of the 
order parameter of the EPR spectra of probe 3 differ little 
or not from those when probe 3 is located in gels formed 
by P338 and P407 (Table 7). Similarly, the values of pa-
rameter S in the case of the EPR spectra of probe 3 in the 
P338 solution, which is a Newtonian liquid at 25 °C, and 
in the case of the P407 solution, which is a gel at this 
temperature, differ little.

The doxyl radical of probe 4 (16-DSA) is also lo-
calised in the micelle core but at the level of the 16th car-
bon atom of the alkyl chain of this probe. The EPR 
spectra of probe 4 are triplets (Fig. 9, 10), indicating a 
significantly lower ordering of the local surrounding of 
probe 4 compared to probe 3. The values of the order 
parameter in the case of the EPR spectra of probe 4 are 
about 3.8-4.9 times lower (Tables 7, 8). The values of AN 
constant in the case of the EPR spectra of probe 4 are also 
lower (Tables 7 and 8), indicating a more non-polar mi-
croenvironment of radicals.

Table 8
Parameters of the EPR spectra of spin probe 4 (16-DSA) in 
20 % solution of poloxamers at different temperatures (t)

Object t, °C AN, mT S γ, ° Spectrum 
type

20 % Р188 
solution

25 1.52 0.07 83.4 triplet
32 1.50 0.07 83.4 triplet
37 1.46 0.08 82.5 triplet

20 % Р237 
solution

25 1.44 0.11 80.0 triplet
32 1.44 0.09 81.7 triplet
37 1.45 0.08 82.5 triplet

20 % Р338 
solution 

20 1.39 0.16 75.4 triplet
25 1.42 0.12 78.8 triplet
32 1.42 0.10 80.6 triplet
37 1.43 0.09 81.7 triplet

20 % Р407 
solution

25 1.42 0.11 80.0 triplet
32 1.43 0.09 81.7 triplet
37 1.43 0.08 82.5 triplet

In the case of the EPR spectra of the hydrophobic 
probe 4, with an increase in temperature of 20 % solu-
tions of poloxamers P237, P338, and P407, there is a de-
crease in the rotational correlation times (τ+1, τ–1, τ±1) and 
a tendency for the values of the anisotropy parameter (ε) 
to decrease. At the same time, the values of the AN con-
stant are approximately the same. In contrast, the rota-
tional correlation times (τ–1, τ±1) of probe 4 in 20 % P188 
solution increase with increasing temperature; the anisot-
ropy parameter (ε) decreases.

The parameters of the EPR spectra were also de-
termined at different poloxamer contents since increas-

Fig. 9. EPR spectra of probe 4 in: a – 20 % P188 
solution; b – 20 % P338 solution; at: 1 – 25 °C,  

2 – 32 °C, 3 – 37 °C

a

b
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ing the concentration is a factor contributing to the 
sol→gel transition. 

When the P338 concentration is increased from 
10 % to 25 %, the parameters of the EPR spectra of spin 
probe 1 do not change significantly. There is only a ten-
dency for the value of τ±1 to increase as the P338 content 
increases from 10 % to 20 % at 25 °C (Table 10). At P338 
contents of 20 % and 25 %, the values of the parameters 
of the EPR spectra of probe 1 are almost the same. At the 
same time, at different contents of P338, the rotational 
correlation times (τ–1, τ±1) of spin probe 1 and the values 
of the AN constant of the EPR spectra decrease with in-
creasing temperature.

It should be noted that it was not possible to study 
the dependence of the parameters of the EPR spectra on 

the concentration of all the poloxamers using probe 1 
since the EPR spectra of probe 1 localised in 20 % and 
25 % aqueous solutions of P407 are superposition of a 
triplet with a singlet (Fig. 11, b). The singlet is probably 
due to the partial aggregation of probe 1 molecules in 
associates of P407, which may be associated with a dete-
rioration in lateral diffusion. The singlet fraction de-
creases with increasing temperature, probably due to a 
decrease in the packing density of PPO chains in P407 
associates and the creation of better conditions for the 
uniform distribution of probe 1 molecules.

Table 9
Parameters of the EPR spectra of spin probe 4 (16-DSA) in 
20 % solution of poloxamers at different temperatures (t)

Object t, °C τ+1, ns τ–1, ns τ±1, ns ε

20 % Р188 
solution 

25 0.35 0.16 0.32 0.13
32 0.39 0.20 0.43 0.11
37 0.32 0.23 0.54 0.08

20 % Р237 
solution

25 0.69 0.44 0.97 0.09
32 0.36 0.34 0.72 0.06
37 0.25 0.27 0.59 0.05

20 % Р338 
solution

20 1.43 0.71 1.42 0.11
25 0.74 0.59 1.29 0.07
32 0.38 0.39 0.85 0.05
37 0.29 0.30 0.68 0.05

20 % Р407 
solution 

25 0.70 0.55 1.15 0.07
32 0.44 0.39 0.82 0.06
37 0.27 0.29 0.64 0.06

Table 10
Parameters of the EPR spectra of spin probe 1 in aqueous 

solutions with different P338 contents (C) at different 
temperatures (t)

С Р338, % 
m/m t, °C AN, mT τ–1, ns τ±1, ns ε Spec-

trum type

10 %
25 1.63 0.44 1.04 –0.15 triplet
32 1.61 0.34 0.94 –0.16 triplet
37 1.60 0.27 0.75 –0.18 triplet

15 %
25 1.63 0.43 1.30 –0.19 triplet
32 1.61 0.35 0.95 –0.18 triplet
37 1.60 0.28 0.76 –0.19 triplet

20 %
25 1.64 0.48 1.42 –0.19 triplet
32 1.62 0.34 0.97 –0.18 triplet
37 1.61 0.27 0.84 –0.18 triplet

25 %
25 1.63 0.48 1.41 –0.16 triplet
32 1.62 0.34 1.00 –0.18 triplet
37 1.60 0.28 0.83 –0.20 triplet

The hydrophilic spin probe 4-OXO-TEMPO 
(probe 5) was used to study the hydrophilic part of polox-
amer associates. In aqueous solutions of non-ionic sur-
factants, the molecules of the probe 4-OXO-TEMPO are 
partially dissolved in the aqueous medium and partially 
localised in the polar part of micelles or lyotropic liquid 
crystals (hydrated PEO chains). This is evidenced by the 
difference in the rotational correlation times of the probe 
4-OXO-TEMPO in water and aqueous solutions of polox-
amers. For example, at 25 °C in water, the values of τ–1 

Fig. 10. EPR spectra of probe 4 in: a – 20 % P237 
solution; b – 20 % P407 solution; at: 1 – 25 °C, 2 – 

32 °C, 3 – 37 °C

a

b
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and τ±1 of the probe 4-OXO-TEMPO are 0.007 ns and 
0.010 ns, respectively, and in 25 % aqueous solution of 
P407, they are 0.024 ns and 0.037 ns, which are 3.4 and 
3.7 times higher, respectively. At the same time, the AN 
constant decreases; its value is 1.62 mT in the case of the 
EPR spectrum of the 4-OXO-TEMPO probe in water, 
and it is 1.60 mT in 25 % P407solution.

From spectra shown in Fig. 12, it can also be con-
cluded that probe 4-OXO-TEMPO is localised in the po-
lar part of the micelles of non-ionic surfactants.

In aqueous solutions of non-ionic surfactants, tur-
bidity can occur at elevated temperatures due to dehydra-
tion of the PEO chains and separation of the surfactants 
into a separate phase. This prevents excessive hydropho-
bic hydration of surfactant alkyl chains by water mole-

cules while reducing their packing density in micelles. At 
temperatures below the cloud point, the EPR spectrum of 
the probe 4-OXO-TEMPO in a solution of a non-ionic 
surfactant is a triplet (Fig. 12). At temperatures above the 
cloud point, the EPR spectrum becomes a superposition 
of two signals separated at the high field compo-
nent (Fig. 12). One signal with AN=1.62 mT is due to the 
probe molecules dissolved in water and the other signal 
with AN=1.52 mT is due to the probe molecules localised 
in the dehydrated PEO chains. This indicates that probe 
4-OXO-TEMPO is partially localised in the polar part of 
the non-ionic surfactant micelles.

The EPR spectra of the spin probe 4-OXO-TEM-
PO in 25 % aqueous solutions of P338 and P407 are 
triplets (Fig. 13).

With an increase in temperature from 25 °C to 
37 °C, the values of τ–1 and τ±1 of the probe 4-OXO-TEM-
PO in 25 % P338 solution were approximately the same 
(Table 11). With increasing temperature, there was no ten-
dency for the rotational correlation times of the probe 
4-OXO-TEMPO to decrease, as was observed for probes 1, 
2, 3 and 4. With an increase in temperature from 25 °C to 
37 °C, the value of τ–1 for the probe 4-OXO-TEMPO in 
25 % aqueous solution of P407 almost did not change, and 
the value of τ±1 even increased from 0.037 ns to 0.045 ns.

Table 11
Parameters of the EPR spectra of the probe 4-OXO-

TEMPO in solutions of poloxamers at different 
temperatures (t)

Object t, °C AN, mT τ–1, ns τ±1, ns Spectrum type
25 % 
Р338 

solution

25 1.60 0.018 0.035 triplet
32 1.60 0.016 0.034 triplet
37 1.60 0.018 0.034 triplet

25 % Р407 
solution

25 1.60 0.024 0.037 triplet
32 1.60 0.022 0.044 triplet
37 1.60 0.024 0.045 triplet

Fig. 11. EPR spectra of lipophilic probe 1 in: a – 10 % 
P407 solution; b – 25 % P407 solution; at: 1 – 25 °C,  

2 – 32 °C, 3 – 37 °C

a

b

Fig. 12. Representative EPR spectra of the 4-OXO-
TEMPO probe in water (1), solution of a non-ionic 
surfactant (before cloud point) (2), solution of a non-

ionic surfactant (after cloud point) (3)
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5. Discussion of research results
The rheological properties of aqueous solutions of 

4 types of poloxamers (P188, P237, P338 and P407) in the 
temperature range from 25 °C to 37 °C were studied by 
rotational viscometry. The values of the rheological pa-
rameters of the solutions increase as the concentration of 
the poloxamers increases from 10 % to 25 %, with an 
increase in temperature from 25 °C to 37 °C, the dynam-
ic viscosity of a 25 % aqueous solution of P188 decreases, 
whereas the dynamic viscosity of aqueous solutions of 
P237, P338 and P407 increases despite the increase in 
temperature. At certain concentrations and temperatures 
characteristic of each of these poloxamers, sol→gel tran-
sitions occur in the solutions. Gels have a plastic flow 
behaviour with a yield stress. Three factors are important 
for gel formation: the type of poloxamer, which is related 
to its molecular mass and the ratio between the PPO part 
and the PEO part of the block copolymer; the concentra-
tion of the poloxamer in aqueous solution and the tem-

perature of this solution. The greatest ability to form gels 
is characteristic of P407, followed by P338 and P237. 
Aqueous solutions of P188 in the concentration range of 
10 % to 25 % and temperature range of 25 °C to 37 °C do 
not form gels.

It should be noted that at 25 °C (the upper limit of 
the storage temperature for medicinal products), 20 % 
P338 solution is a liquid, and at 32 °C and 37 °C it is a 
gel (Fig. 3, a). This means that it can be stored, dosed and 
administered as a liquid that only becomes a gel during 
contact with a biological object. This is an advantage of 
20 % P338 solution over 20 % P407 solution, which is a 
gel at 25 °C (Fig. 4, a).

With increasing temperature, there is a clear sig-
nificant change, namely a decrease in the rotational cor-
relation times of spin probes 1, 2 and 4 (Tables 4, 6, 9) 
and in the values of the order parameter calculated from 
the EPR spectra of probes 3 and 4 (Tables 7, 8) in aqueous 
solutions of P237, P338 and P407. This indicates a de-
crease in the orderliness and viscosity of the microenvi-
ronment of spin probes 1–4. These changes are due to a 
decrease in the density and orderliness of the PPO chains 
in the non-polar part of the poloxamer associates. 
At 25 °C, the consistency of micelle cores can be de-
scribed as semi-solid. In the temperature range from 
25 °C to 37 °C, the micelle cores formed by the poloxam-
ers melt. At 37 °C, the consistency of the non-polar cores 
can be described as two-dimensionally liquid and one-di-
mensionally solid (in the radial direction). It can be as-
sumed that the volume of the micelles/mesophases of 
poloxamers increases, which should lead to an increase 
in their volume fraction in solution and promote the for-
mation of gels.

With an increase in the concentration of P338 from 
10 % to 25 %, there are no significant changes in the pa-
rameters of the EPR spectra of spin probe 1 (Table 10), 
which could be associated with the sol→gel transitions. 
Thus, at the P338 concentration of 10 %, the same chang-
es in the parameters of rotational diffusion of probe 1 
occur with increasing temperature as at a concentration 
of 25 %, but at a concentration of 10 %, the volume frac-
tion of micelles is insufficient to create a spatial network 
of micelles/mesophases to form a gel. A certain content 
of poloxamer micelles/mesophases in the solution is re-
quired for gel formation.

It is possible to observe how the EPR spectra of 
probes 1, 3 and 4 and the parameters of these spectra 
change depending on the location of the radicals in the 
micelles (Fig. 14).

In the case of aqueous solutions of P237, P338 and 
P407 in which gels are formed, the differences in the rota-
tional parameters of the EPR spectra of probes 1, 3 and 4 
in micelles at 25 °C, 32 °C and 37 °C are the same: fast 
rotation in the case of probe 1 (EPR spectra are trip-
lets) (Table 4, Fig. 5, b, 14), the highest value of order pa-
rameter in the case of the anisotropic EPR spectra of 
probe 3 (Table 7, Fig. 7, b, 8, 14) and a significantly lower 
values of order parameter and faster rotation in the case of 
the EPR spectra of probe 4, which are a triplets (Tables 8, 9, 
Fig. 9, 10, 14). According to the results of the study, ap-

Fig. 13. EPR spectra of probe 5 (4-OXO-TEMPO) in:  
a – 25 % P338 solution;  b – 25 % P407 solution; at:  

1 – 25 °C, 2 – 32 °C, 3 – 37 °C

a

b
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proximately up to the level of the 5th carbon atom of the 
alkyl chain of probe 3 in the micelle cores, PPO chain 
packing is cone-shaped. When the temperature is in-
creased from 25 °C to 37 °C, the differences in the EPR 
spectra of these spin probes and their parameters are sim-
ilar. This seems to indicate that as the temperature increas-
es, the micelles retain the spherical shape necessary for the 
formation of cubic lyotropic liquid crystals.

In the case of aqueous solutions of P188, the types 
of EPR spectra at 25 °C and 32 °C differ significant-
ly (Fig. 3, a, 7, a, 9, a). In particular, at 25 °C, the EPR 
spectrum of probe 3 is a triplet characterised by a low 
order parameter S=0.09 (Table 7) and rotational correla-
tion times attributed to the fast rotation range (τ+1=0.98 ns, 
τ–1=0.45 ns, τ±1=0.87 ns). At 32 °C the EPR spectrum of 
probe 3 is a superposition of two triplet spectra, and only 
at 37 °C it becomes similar to the anisotropic spec-
trum (Fig. 7, a). At the same time, the order parame-
ter (S) is lower than for the EPR spectra of probe 3 in 
micelles P237, P338 and P407 (Table 7). Differences in 
the shape of the EPR spectra and spectral parameters 
probably indicate differences in the shape of the P188 
micelles, which is not optimal for the formation of cubic 
lyotropic liquid crystals under the conditions studied.

A decrease in the packing density of the PPO 
chains creates the conditions for the penetration of wa-
ter molecules into the non-polar part of the poloxamer 
associates and the hydrophobic hydration of the PPO 
chains. This is probably evidenced by a slight tendency 
for the values of AN constant of the EPR spectra of 
probe 3 (5-DSA NH4 salt) to increase with increasing 
temperature in solutions of poloxamers P188 and P237. In 
the case of P338 and P407 micelles, against the back-
ground of a decrease in the packing density of the PPO 
chains in the micelle cores, only a slight increase in val-
ues of AN constant occur at 37 °C. This means that there 

is no significant penetration of water into the non-polar 
core at the level of the 5th carbon atom of the alkyl chain 
of spin probe 3. There must be a mechanism preventing 
excessive hydrophobic hydration of the PPO chains. With 
increasing temperature, there is a tendency for the AN 
values of the EPR spectra of probe 1 and probe 2, whose 
nitroxyl radicals are localised in the hydrophilic part of 
the poloxamer associates, to decrease (Tables 4, 6, 10). 
This might be due to partial dehydration of the PEO 
chains and structural rearrangement of the polar part of 
the micelles.

The hydrophilic spin probe 4-OXO-TEMPO in 
aqueous solutions of non-ionic surfactants is partly dis-
solved in water and partly localised in the polar part of the 
micelles. Despite the increase in temperature, the rotation-
al correlation times of the spin probe 4-OXO-TEMPO in 
25 % aqueous solutions of P338 and P407 remain approxi-
mately constant or increase (Table 11). According to the 
research results, it can be assumed that structural rear-
rangements occur in the polar part of the poloxamer asso-
ciated with increasing temperature, which probably pre-
vents the hydrophobic hydration of the PPO chains in 
micelles. It is possible that these structural rearrangements 
are the result of partial dehydration of the PEO chains.

Therefore, by evaluating the parameters of the EPR 
spectra of the fatty acids-based spin probes, it can be con-
cluded that with increasing temperature, the packing den-
sity and the orderliness of PPO chains in the non-polar part 
of the poloxamer associates decrease, probably leading to 
an increase in the volume fraction of the micelles and, 
cubic lyotropic liquid crystals, respectively, resulting in a 
sol→gel transition. When the temperature decreases, the 
opposite processes occur: the rotational correlation times 
of fatty acid-based spin probes increase sharply, the pack-
ing density increases and the volume of poloxamer associ-
ates probably decreases. This leads to a gel→sol transition. 
At temperatures of 15 °C and 20 °C, gels based on polox-
amers P407 and P338 are Newtonian liquids, respectively, 
and their dynamic viscosity decreases with decreasing 
temperature (Tables 2, 3).

Study limitations. This study was conducted with 
aqueous solutions of poloxamers only at their content of 
10 % to 25 % and mainly in the temperature range from 
25 °C to 37 °C.

Prospects for further research. It is promising to 
study the effect of hydrophilic nonaqueous solvents on 
the processes of sol→gel transitions in poloxamer solu-
tions in a wide temperature range and on the properties 
of the resulting gels.

6. Conclusions
The rheological properties of aqueous solutions of 

poloxamers depend on their type and concentration as 
well as on the temperature. According to the parameters 
of the EPR spectra of fatty acid-based spin probes, it was 
found that with increasing temperature, the packing den-
sity and the orderliness of the PPO chains in the non-po-
lar part of the poloxamer associates decrease, probably 
leading to an increase in the volume of the micelles and 
causing a sol→gel transition.

Fig. 14. EPR spectra of probes 1 (1), 3 (2) and 4 (3) in 
20 % P338 solution at 25 °C
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