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Abstract—A method for production of polyurethane coatings with low surface energy modifi ed with a block 
copolymer polydimethylsiloxane–polyphenylsilsesquioxane is presented. Surface characteristics of coatings were 
studied by methods of measuring the contact angle, attenuated total refl ection Fourier transform infrared (ATR-
FTIR) spectroscopy and scanning electron microscopy with X-ray spectral microanalysis, and the values of static 
contact angles and surface energy were obtained. The eff ect of pigmentation on wetting and physicomechanical 
characteristics of low-energy coatings has been investigated.
Keywords: polyurethane coatings, wetting, surface energy, organosilicon block copolymer, ATR-FTIR, SEM–X-
ray spectral microanalysis, self-stratifying
DOI: 10.1134/S107042722105013X

Hydrophobic coatings with low surface energy 
are used in various industries: textile, automotive, 
shipbuilding, aerospace, as well as in optics, 
microelectronics, and many others [1]. Polyurethane 
materials are characterized by high adhesion to various 
substrates, strength, fl exibility, and high resistance 
to various aggressive factors, however, polyurethane 
coatings do not have hydrophobic properties and the 
contact angle rarely reaches values higher than 90°. 
Application of modifi ers that reduce surface energy 
and increase hydrophobicity and also fi llers improves 
the performance of polyurethane coatings. Rabea  et 
al. [2] introduced silicone-modifi ed polyacrylate and 
silicon dioxide into a polyurethane matrix, as a result, 
they obtained hydrophobic materials with a contact 
angle of 104° and increased physical and mechanical 
characteristics. The hydrophobic properties of the 
polyurethane matrix were enhanced by introducing 
polydimethylsiloxane and a mixture of silicon dioxide 
and silver [3]. Modifi cation of the polyurethane matrix 
with polydimethylsiloxane and a mixture of silicon 
dioxide and aluminum leads to an increase in the value 
of the contact angle and roll-off  angle up to 159° and 

4°, respectively [4]. The introduction of polyhedral 
oligomeric silsesquioxane into the polyurethane 
composition improves physical and mechanical 
characteristics, reduces water absorption and increases 
the hydrophobicity of coatings [5].

This work is aimed at investigation of the possibility 
of creating hydrophobic polyurethane coatings based 
on a hydroxyl-containing acrylic copolymer and a 
polyisocyanate hardener by modifying a block copolymer 
polydimethylsiloxane–polyphenylsilsesquioxane with 
small additives.

EXPERIMENTAL

As objects of study we used hydroxyl-containing 
acrylic copolymer Eterac 7333-x 60 (50 wt % solution 
in o-xylene), the content of –OH-group 2.7% (Eternal 
Materials); aliphatic polyisocyanate hardener hexa-
methylene diisocyanate biuret Desmodur N75 (75 wt % 
solution in o-xylene), content of –NCO-groups 16.5% 
(Bayer); organosilicon block copolymer polydimeth-
ylsiloxane–polyphenylsilsesquioxane SilPol, Mn = 
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38.5 ×103, Mw = 105.6 × 103, the ratio of the lengths of 
the sequences of fl exible polydimethylsiloxane and rigid 
polyphenylsilsesquioxane blocks 61 and 25, respective-
ly (FSUE NIISK named after S.V. Lebedev); catalyst for 
urethane formation dibutyltin dilaurate (0.1 wt % solu-
tion in o-xylene) TIB KAT 218 (TIB Chemicals); TiO2 
Tiona 595, average particle size 0.26 μm (Cristal); talc 
Finntalc M05N of average particle size 2 μm (Finntalc) 
and n-hexadecane (chemically pure) (JSC “Ecos-1”). 
The listed materials were used without additional purifi -
cation and processing.

Compositions for production of fi lms and coatings 
were prepared according the following procedure: 
SilPol was added to the Eterac 7333-x-60 solution in 
an amount of 1 to 15 wt % with mechanical blending 
until an opalescent solution was obtained. A Desmo-
dur N75 solution at an –OH : –NCO = 1 : 1.1 ratio and 
a TIB KAT 218 solution were added to the prepared 
blend. Then the composition was additionally subjected 
to mechanical blending for 5 min.

Pigmented compositions were prepared by 
adding powdered Finntalc M05N and Tiona 595 
to the Eterac 7333-x-60 solution in an amount of 
5 and 27 wt %, respectively, and dispersed in a bead 
mill for 30 min. The size of the largest agglomerates 
after dispersing the mixture was 25 ± 2.5 μm. It was 
determined with a Klin grindometer (Constanta LLC). 
A block copolymer of SilPol, Desmodur N75, and 
TIB KAT 218 was introduced into the composition as 
described above.

The resulting compositions were applied to the 
surface of steel or glass plates prepared in accordance 
with GOST (State Standard) 9.402-2004 “ESZKS. 
Paint and varnish coatings. Preparation of metal 
surfaces for painting” and GOST 8832–76 “Methods 
of obtaining paint and varnish coatings for testing,” 
using the KA1-21 applicator (LLC RNPO RusPribor) 
with a gap thickness of 200  μm for the fi lm. Films were 
produced by casting the compositions onto aluminum 
foil prepared in accordance with GOST 9.402-2004, 
followed by peeling.

In all cases, the curing of the coatings was carried out 
under normal conditions for 8 days.

The thickness of the cured coatings on a metal 
substrate was determined by a Mega Check FN thickness 
gauge (List-Magnetik GmbH). The thickness of the 
obtained coatings was 60 ± 15 μm. The thickness of the 
cured peeled off  fi lms and coatings on a glass substrate 

was determined by a Digital Micrometer Schut 908.750 
(Schut Geometrical Metrology). The thickness of the 
obtained peeled off  fi lms was 180 ± 27 μm.

The static contact angles were measured with 
a KRÜSS DSA25 device (KRÜSS GmbH) with 
Advance software. The static contact angles of water 
and n-hexadecane were determined by the sessile drop 
method (the drop volume was 1 μL). The determination 
was carried out at 5–10 diff erent points on the surface 
of the coating under study, afterwards the average value 
was found. The error was no more than 2°. The surface 
energy of the coatings was calculated by the Owens–
Wendt–Rabel–Kaellble (OWRK) method.

The Fourier transform infrared (FTIR) spectra of the 
fi lms were recorded on an IRTracer-100 spectrometer 
(Shimadzu Europa GmbH) with a Quest (Specac) 
attachment for the attenuated total internal refl ection 
(ATR). The crystal material was diamond. The angle 
of incidence of the IR beam on the crystal was 45°. 
Penetration depth was 2 μm.

IR spectrum of the cured polyurethane fi lm (cm–1): 
3379 (νNH), 3086–3027 (νCH Ar ring), 2934–2864 
(ν –CH2–, –CH3), 2272 (ν –NCO), 1729–1699 [ νCO 
in –NH–C(O)O–], 1641 [νCO in –C(O)O–], 1521 [νN–
H in –NH–C(O)O–], 1454 (ν –CH2–) , 1380 (δ –CH3), 
1340 (–NCO), 1249–1167 (νC–O in –C–O–C–), 1122 
(νCH Ar ring), 1076–1028 [νCO in –C(O)О–R], 762–
702 (νCH Ar ring).

IR spectrum of organosilicon block copolymer 
(cm–1): 3737 [–OH in (SiO3)2], 3078–3058 (νCH Ar 
ring), 2965–2912 (νCH3), 1433–1413 [δ –CH3 in –Si 
(CH3)], 1261 [δ –CH3 in –Si(CH3)], 1133 (νCH Ar ring), 
1101–1016 (νSi–O–Si), 870 [ν –CH3 in –Si(CH3)2], 803 
[νSi–C in –Si(CH3)2)], 738 (νCH Ar ring), 696 (νSi–C), 
507 (νSi–O–Si).

The compatibility of the SilPol additive with the 
polyurethane matrix was determined with a KFK-2 
photocolorimeter (LLC Zapadpribor) by the change in 
the optical density of the cured fi lms on glass plates of 
1.25 mm thickness.

Optical micrographs were obtained by a PMT-3 device 
(JSC LOMO) and an Altami USB 3150R6 ½ CMOS 
digital camera (LLC Altami ). Image processing was 
performed with Altami Studio and ImageJ software.

Images of the fi lm surface were taken by SEM on a 
TESCAN VEGA 3 SBH (TESCAN) scanning electron 
microscope at an accelerating voltage of 20 kV, a focal 
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length of 15 mm, and a probe current of 17 pA. The 
samples were fi xed on double-sided tape, after which a 
carbon coating of 5–20 nm thickness was deposited onto 
the surface using a Q150RE (Quorum) setup. The image 
was recorded by a backscattered electron detector. 
Elemental analysis of the samples was carried out by 
X-ray spectral microanalysis (X-ray microanalysis) 
using an AdvancedAztecEnergy (Oxford Instruments) 
energy dispersive spectrometer attachment.

The physicomechanical properties of the coatings 
were characterized according to the common test 
methods for paints and varnishes in accordance with 
GOST 4765-73 “Method for determining the impact 
strength,” GOST 31149-2014 “Determination of 
adhesion by the cross-cut method,” and GOST R 52740-
2007 “Method for determining the strength of a coating 
bending around a cylindrical rod.”

RESULTS  AND  DISCUSSION

The modifi cation of compositions with low surface 
energy compounds is one of the methods for production 
of hydrophobic coatings. In the work an organosilicon 
block copolymer SilPol was used as a modifi er. The 
values of the water contact angle, dispersion (γD) and 
polar (γP) components of the surface energy for coatings 
prepared from a 20 wt % SilPol solution were 111°, 
19.1, and 0.2 mJ m–2, respectively.

For the hydrophobization of polyurethane coatings, 
the initial compositions were supplemented with an 
organosilicon polymer SilPol in amounts ensuring its 
content in the cured coating from 1 to 15 wt %. With 
a modifi er content of 1 wt %, the static contact angle 
increased from 88° to 102°. At 2 wt %, the curve reached 
a plateau of hydrophobicity with 106° and remained 
unchanged with a further increase in the SilPol content 
(Fig. 1).

Also, at 1 wt % SilPol, the surface energy decreased 
by 13% (Fig. 2). The main contribution to the decrease 
in the surface energy is made by its polar component, 
which decreases by 77.5% from 4.0 to 0.9 mJ m–2, while 
the dispersion component insignifi cantly changes from 
23.0 to 22.6 mJ m–2. A further increase in the SilPol 
content above 2 wt % does not lead to a signifi cant 
change in the surface energy and its components.

The data presented allow conclusion that the intro-
duction of  2–3 wt % SilPol is suffi  cient to achieve max-
imum hydrophobicity, then an increase in its content has 
no signifi cant eff ect due to saturation of the coating sur-
face with an organosilicon block copolymer, which is 
consistent with the data of [7, 8].

Optical micrographs of cured fi lms with diff erent 
SilPol content indicate a signifi cant change in their 
morphology depending on the modifi er content (Fig. 3). 
The unmodifi ed polyurethane fi lm is homogeneous 
and does not contain any inclusions (Fig. 3a). With the 

Fig. 1. Water contact angles and surface energy of polyurethane 
coatings as a function of SilPol content.

Fig. 2.  Surface energy (1) and its compontns γD (2), γP (3) of 
polyurethane coatings as a function of SilPol content.
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introduction of 1.5 wt % SilPol, a multitude of spherical 
inclusions appear (Fig. 3b), which increase in size and 
quantity with a rise in the modifi er content to 3 and 
7 wt % (Figs. 3c, 3d).

The chemical composition of the fi lm surface at the 
interface with air was additionally investigated by the 
SEM-X-ray spectral microanalysis; (Fig. 4; Tables 1, 2). 
As the amount of SilPol increases from 1.5 to 7 wt %, 

(a) (b)

© (d)

10 m

10 m

10 m

10 m

Table 1. Chemical content of the fi lm surfacea

SilPol content, wt %
Content of elements, wt %

С О Si others

1.5 83.79 14.67 0.34 1.20
3.0 84.49 14.85 0.63 0.03
7.0 83.28 14.78 0.88 1.06

a X-ray spectral microanalysis performed over an area of 500 × 500 μm2.

Fig. 3. Micrographs of polyurethane fi lms with SilPol content, wt %: (а) 0, (b) 1.5, (c) 3.0, (d) 7.0.
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the average silicon content in the surface layer of the 
fi lm increases from 0.34 to 0.88 wt % (Table 1). When 
analyzing the surface of the modifi ed fi lm at individual 
points (Figs. 4a, 4b), the silicon content varies from 0.35 
to 21.77 wt % (Table 2). Signifi cant diff erences in the 
elemental composition at diff erent points of the surface 
confi rm that during the formation of the polyurethane 
fi lm, a microphase separation occurs between the 
polyurethane matrix and the organosilicon block 
copolymer. This fact may be due to incompatibility of 
the components, which leads to the formation of areas 
with an increased content of the modifi er and a change in 
the surface structure of the polyurethane coating due to 
a rise in the SilPol content in the surface layer. It should 

be noted that the calculated silicon content in the SilPol 
block copolymer is ~28.3 wt %. With its introduction 
into the coating in an amount of 1.5, 3.0, or 7.0 wt % 
and the assumption of a uniform distribution in the fi lm 
volume, the calculated silicon content would be ~0.42, 
~0.85, and ~1.98 wt %, respectively. The experimentally 
determined silicon content is 0.34, 0.63, and 0.88 wt %.

The compatibility of the polyurethane matrix and 
SilPol was determined by the change in the optical 
density of the fi lms. The results obtained (Fig. 5) 
evidence a signifi cant increase in the optical density 
of the cured fi lms up to 0.65 units with an increase in 
the content of the block copolymer to 7.5 wt % and 
additionally confi rm the heterogeneity of their structure 

Table 2.  Chemical content of the fi lm with 1.5 and 3.0 wt% SilPola

Surface point
Content of elements, wt %

С О Si others

1 75.58 7.48 15.85 1.09
2 81.68 7.59 0.50 10.23
3 73.38 10.82 14.97 0.83
4 74.94 22.27 0.89 1.90
5 70.15 8.05 21.77 0.03
6 74.90 8.72 16.38 0.00
7 89.43 9.96 0.35 0.26
8 92.70 6.13 0.36 0.81

a X-ray microanalysis performed at local points of the surface (Fig. 4).

Fig. 4. SEM image of a polyurethane fi lm with (a) 1.5 and (b) 3.0 wt% SilPol.
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due to the incompatibility of the polyurethane matrix 
and the modifi er.

Moreover, we studied the wetting of peeled off  fi lms 
obtained on an aluminum substrate at the coating–air and 
coating–substrate interfaces (Fig. 6). The 8° diff erence 
between the contact angle of the unmodifi ed coating 
at the coating–air (87°) and coating–substrate (79°) 
interface can be explained by the various distribution 
patterns of polyurethane segments at the interfaces, as 
well as a partial change in the surface composition when 
the fi lm peels off  from aluminum substrate [9, 10].

With an increase in the content of the organosilicon 
polymer to 2 wt %, the contact angle of water at the 
coating–air interface increases to 106° and only to 97° at 
the coating–substrate interface. The introduction of more 
than 2 wt % SilPol does not aff ect the hydrophobicity 
of the coating at the coating–air interface, while the 
contact angle continues to increase at the coating–

substrate interface. Saturation of the lower layers of the 
SilPol coating occurs only when the modifi er content is 
10 wt %. It can be assumed that when the modifi er content 
is less than 2 wt %, not only preferential migration to the 
interface with air proceeds, but also partial wetting of 
the substrate surface [11]. Consequently, the saturation 
of both interfaces is not the same and depends on the 
content of the organosilicon block copolymer, which 
substantiates the complex nature of the additive 
distribution. Thus, the totality of the results obtained 
indicates the formation of a heterophase structure of the 
fi lms; however, complete self-stratifying of the system 
does not occur.

To further study the nature of the distribution of the 
organosilicon block copolymer, the surface layers of the 
fi lms were examined by FTIR spectroscopy.

The analysis of the structure of the surface layers 
of the modifi ed polyurethane fi lm can be carried 

Table 3. Physical and mechanical properties of polyurethane varnish coatings modifi ed by SilPol

SilPol, wt % Flexural strength, mm Adhesion, point Impact strength, cm

  0 1 0 50
  1 1 2 10
  2 1 3 10
  5 1 5 10
10 1 5 10
15 1 5 10

Fig. 5. Optical density of polyurethane fi lms vs. SilPol content.
Fig. 6. Contact angles of polyurethane fi lms at the (1) coating–
substrate and (2) coating–air interfaces.
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out in the range of absorption bands 1262, 1135, and 
805–802 cm–1, which are characteristic of –Si–(C6H5) 
and –Si–(CH3) bond vibrations (Fig. 7a). In the FTIR 
spectra of polyurethane fi lms with 5 wt % SilPol 
(Fig. 7b), the intensity of these absorption bands at 

the coating–substrate interface is lower than at the 
coating–air interface, which evidences a higher content 
of organosilicon polymer at the coating–air interface. 
With increasing the SilPol content to 15 wt %, the 
intensity of absorption bands for the coating–air 
interface varies insignifi cantly. At the same time, the 
intensity of absorption bands for the coating–substrate 
interface approaches those at the coating–air interface 
due to saturation of the lower layers of the fi lm. Thus, 
depending on the SilPol content in the composition, 

Table 4. Static wetting angles and surface energy of pigmented 
polyurethane coatings modifi ed with SilPol

SilPol, wt %

Contact 
angle of 
wetting, 
degrees

γ, γD γP

mJ m–2

0 90 27.6 23.9 3.7

1 106 20.8 20.2 0.6

2 106 21.1 20.6 0.5

5 107 20.6 20.2 0.5

6 107 20.6 20.1 0.5

10 107 20.5 20.1 0.4

15 107 20.6 20.2 0.4

Table 5. Physical and mechanical properties of pigmented 
polyurethane coatings modifi ed by SilPol

SilPol, 
wt %

Flexural 
strength, mm

Adhesion, 
point

Impact 
strength, cm

  0 1 0 50

  2 2 0 50

  5 2 0 50

10 3 0 50

15 4 0 50

Fig. 7. The FTIR spectra in the range 1400–750 cm–1 of polyurethane fi lms: coating–air interface of an unmodifi ed polyurethane fi lm 
(upper) and a fi lm with 5 wt% SilPol (lower) (a); coating–substrate and coating–air interfaces for coatings with 5 wt% SilPol, upper and 
lower, respectively (b).
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the presence of the organosilicon block copolymer at 
the interfaces is diff erent, which agrees with the results 
obtained in the fi lm surface examination by the contact 
angle method.

One of the disadvantages of many hydrophobic 
coatings is their low strength and adhesion to the 
substrate [12, 13]. With increasing the SilPol content the 
fl exural strength of the coatings remains high, but the 
adhesion and impact strength deteriorate signifi cantly 
(Table 3), which can be explained by the accumulation 
of the modifi er at the coating–substrate interface.

The introduction of a mixture of TiO2 (27 wt %) and 
talc (5 wt %) does not aff ect the wetting degree of the 
coatings (Table 4), while adhesion and impact strength 
rise (Table 5).

With increasing the content of the organosilicon 
block copolymer in the pigmented coating, the elastic 
modulus, which can be indirectly characterized by 
fl exural strength (Table 5), increases as compared to 
varnish coatings (Table 3). Strengthening and an increase 
in the modulus of samples in pigmented coatings can 
be associated with the additional formation of adhesive 
bonds between the polymer binder and the fi ller [14, 15], 
as well as a change in the morphology of the coatings 
due to the presence of a heterophase structure.

CONCLUSIONS

The introduction of an organosilicon block 
copolymer of up to 2–3 wt % into a composition 
based on a hydroxyl-containing acrylic copolymer 
and an aliphatic polyisocyanate makes it possible to 
produce coatings with low surface energy. In lacquer 
fi lms, a microheterophase structure is formed due to 
the incompatibility of the block copolymer with the 
polyurethane matrix. The enrichment of the near-surface 
layers of the coating at the interfaces with both air and, 
to a lesser extent, with the substrate results in a decrease 
in the adhesion and impact strength of the coatings. 
The introduction of a pigment mixture of TiO2 and talc 
into the modifi ed compositions aff orded coatings with 
optimal properties.
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