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Effective method for the production of anti-fog (dew-
-resistant) coatings based on bifunctional polysiloxanes
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Abstract: Anti-fog (dew-resistant) coatings were produced employing as active components bifunctional
polysiloxanes containing polyether (hydrophilic and polar) groups and trialkoxysilyl groups (permit-
ting durable adhesion to glass surface). These bifunctional polysiloxanes were obtained as a result of
consequent hydrosilylation of allyl polyethers and vinyltrialkoxysilane with the use of poly(dimethyl-co-
-hydromethyl)siloxane. The effect of structure of the polysiloxane used (length of siloxane chain, length
of polyether chain, content of functional groups) and its concentration of the coating performance were
analyzed. The designed preparation permits easy production of a durable anti-fog and dew-resistant
coating from widely accessible raw materials and with no need of special pretreatment of glass surface.

Keywords: organofunctional polysiloxanes, anti-fog coatings, dew-resistant coatings.

Efektywna metoda wytwarzania powlok przeciwmgielnych
(przeciwroszeniowych) na bazie dwufunkcyjnych polisiloksanow

Streszczenie: Powloki przeciwmgielne (przeciwroszeniowe) wytworzono z zastosowaniem — jako
sktadnikow aktywnych — dwufunkcyjnych polisiloksanéw zawierajacych grupy polieterowe (hydro-
filowe i polarne) oraz grup trialkoksysililowych (umozliwiajacych trwate przylaczenie do powierzch-
ni szkla). Zbadano wptyw struktury zastosowanego polisiloksanu (dtugos¢ tancucha siloksanowego,
dtugos¢ tanicucha polieterowego, zawartos¢ grup funkcyjnych) i jego stezenia na efektywnos¢ two-
rzenia powlok. Opracowany preparat umozliwia tatwa produkcje trwatej powloki przeciwmgielnej
i przeciwroszeniowej z powszechnie dostepnych surowcdéw i bez potrzeby specjalnego przygotowania
powierzchni szklanej.

Stowa kluczowe: organofunkcyjne polisiloksany, powtoki przeciwmgielne, powtoki przeciwroszenio-

we.

Transparent materials, e.g. glass and some polymers,
are widely used in everyday life. In normal conditions
they are covered with dew because of the unavoidable
condensation of steam on solid surfaces. The deposition
of dew is a consequence of the presence of water molecu-
les dispersed in the air. The air saturated with steam com-
posed of molecules large enough to diffuse light shows
limited light transmittance. The same effect is caused by
deposition of dew on transparent materials as a result of
which they lose transparency and cannot function cor-
rectly. Steam undergoes condensation on solid surfaces
at temperatures below the dew point that can be reached
by increase in local humidity or decrease in the tempe-
rature of the solid surface [1]. As a consequence the opti-
cal properties of the transparent materials (light trans-
mittance) are seriously hampered. The problems with

light transmittance related to dew formation are our
everyday occurrence, e.g. dew deposition on a mirror in
the bathroom, on glasses, on swim goggles, binoculars,
glass lenses or camera lenses [2, 3]. Steaming is a source
of many problems in different areas in which materials
of top optical properties are needed. For instance con-
densation deteriorates the accuracy of certain analytical
instruments and microscopes [4]. Diffused field of vision
is of utmost importance in airplane flying and motor
vehicle driving for safety reasons [5, 6], in certain surgi-
cal procedures like, e.g. endoscopic surgery [7, 8]. The pro-
blems also appear when sunlight energy is to be maxi-
mally used, e.g. in hothouses where dew can significantly
reduce light transmittance leading to decreased yield [9].
Dew deposition on photovoltaic panels also reduces their
effectiveness [10].
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METHODS OF PROTECTING TRANSPARENT
MATERIALS AGAINST STEAMING

There are two categories of strategies aimed at protec-
tion against steaming [11]. The first one is based on chan-
ges in the environment parameters, including relative air
humidity, temperature and air stream. The most often
proposed solutions include heating of materials, e.g. by
applying external voltage and increased air flow [12-14].
The second type strategies are based on the adjustment
of the interaction between the water drop and the glass
surface achieved by changed composition or roughness of
the material surface to get proper conditions of wetting.
Most often the material surface is covered with special
coatings or modified to change the features of the surface.
The application of the latter procedures seems more attrac-
tive as it is easier, cost-effective and ensures longer effects.

Covering the surface of transparent materials with thin
films of specific properties is one of the most effective
methods for obtaining anti-fog (dew-resistant) surfaces.
The coatings are made of natural or synthetic water-solu-
ble polymers (WSPs) containing hydrophilic functional
groups, e.g. hydroxyl (OH) [15-18], carboxyl or ester gro-
ups (COOH/COOR), [16, 17, 19], amine (NH,) [16, 20, 21],
sulfonic (SO,H) or dihydrophosphate groups (PO,H,) [22].
The main reason for using such polymers is that these
groups are capable of interacting with water molecules,
usually through hydrogen bonds and dipolar interac-
tions, which leads to formation of a continuous or quasi-
-continuous layer of water. WSPs have been chosen for
production of anti-fog (dew-resistant) coatings thanks to
their elasticity, transparency, low cost and possibility of
modification of their functionality through chemical reac-
tions. Unfortunately, because of their natural hydrophilic
character these coatings show propensity to dissolution in
water [23]. In order to increase the coatings stability and
increase the time of their functioning, often cross-linking
agents are applied, leading to formation of the cross-lin-
ked polymer network [23]. Cross-linking may be stimula-
ted by UV irradiation or heating. Although such coatings
are cohesive and well cross-linked, they are characterized
by poor adhesion to the surface, depending only on the
physical interaction between the two materials [23].

Asmentioned above, the anti-fog (dew-resistant) coatings
are obtained from natural and synthetic water-soluble
polymers. Natural polymers such as cellulose and related
hydrophilic polysaccharides show a number of attractive
features as nontoxicity, environmental neutrality and bio-
logical compatibility [24, 25]. Moreover, to achieve desired
wetting properties, e.g. increase hydrophilic or hydrophobic
character, these polymers can be modified through intro-
duction of appropriate functional groups. The water-solu-
ble polymers used for production of anti-fog (dew-resistant)
coatings include pullulan [15], chitosan [16, 19, 20], cellulose
derivatives such as quaternary cellulose [17], carboxyme-
thylcellulose [16, 17, 19] and its nanocrystals [21], alginate
and hyaluronic acid [16]. The synthetic water-soluble poly-

mers used for the same purpose are, e.g. poly(vinyl alcohol)
(PVA) [23, 26-28] and poly(acrylic acid) (PAA) [27, 29]. The
strength of PVA coatings can be enhanced applying bifunc-
tional cross-linking agents such as dialdehydes or carbo-
xylic acids [30]. An interesting polymer also used for the
same purpose is poly(ethylene glycol) (PEG) [poly(ethylene
oxide), PEO] [31, 32]. Its hydrophilic molecules endow the
coatings with the ability to absorb water and PEG is itself
a cross-linking agent so it improves chemical and mecha-
nical stability of coatings with no compromise to their anti-
-fog (dew-resistant) properties. Promising materials protec-
ting against steaming were also found to be epoxy resins,
e.g. those based on isosorbide [33].

Besides the organic polymers also inorganic materials
can be used, divided into two groups. The first one includes
hydrophilic materials such as SiO,, graphene oxide [34, 35]
or In,0,-5n0,, presented in [36] in different forms: as solid
particles, empty or mesoporous nanoparticles, nanofibers
and nanorods. The second group comprises photoactive
materials such as TiO, [37, 38] or ZnO [39], which become
superhydrophilic when exposed to UV irradiation or sun-
light (after certain chemical or physical modifications).
Recently, the SiO, coatings have been very popular because
of noneed of their activation with UV irradiation. Moreover,
they were characterized by greater light transmittance than
the titanium dioxide coatings as the light reflectance of silica
is lower than that of TiO,. Strongly hydrophilic properties
of silica are related to the presence of silanol groups on its
surface [40, 41]. The silica layers are most often by the dip-
-coating technique [42, 43] and should be fixed by drying or
calcination even at 500°C [43]. Thus, although these mate-
rials permit getting durable superhydrophilic foils, the foil
deposition requiring thermal processing make it difficult to
use them on polymer materials. In order to obtain dew-resi-
stant properties, a number of surface modifications, both
chemical and physical have been used to increase the sur-
face roughness. The physical methods are etching, plasma
or gamma radiation treatment [44]. The chemical methods
include covering with multilayer coatings [45, 46] or gene-
ration of rough structures similar to the shape of raspberry
fruit [47, 48]. All the above methods require the use of drastic
conditions (temperature, pH), solvents that can have degra-
ding effect on the substrate or are complicated and thus cost
and work consuming or do not ensure a stable effect of sur-
face modification. In this paper we present a simple, cheap
and effective method of modification of transparent mate-
rials ensuring stable protection against steaming.

EXPERIMENTAL PART
Materials

Poly(dimethyl-co-hydromethyl)siloxanes and vinyltrime-
thoxysilane were purchased from ABCR GmbH, allyl poly-
ethers — from ICSO Chemical Production, while Karstedt
catalyst and all solvents were purchased from Aldrich.
Glass plates were purchased from Thermo Scientific.
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Synthesis of bifunctional polysiloxanes

Polysiloxanes containing polyether and trialkoxysi-
lyl groups were synthesized by the hydrosilylation reac-
tion of poly(dimethyl-co-hydromethyl)siloxane with allyl
polyether and subsequently vinyltriethoxysilane [49, 50].
Polysiloxanes with different siloxane chain lengths and dif-
ferent Si-H contents were employed in the synthesis, which
produced several derivatives. The process was carried outin
the presence of Karstedt complex {Pt [(CH,=CHSiMe,),0],}
as catalyst. The procedure for the synthesis of an exem-
plary bifunctional polysiloxane is shown below: [(CH.,),Si]
[OSi(CH,),],[OSi(CH,)(CH,CH,Si(OC,H,),],,[OSi(CH,)
(CH,),(OC,H,),OH],,[OSi(CH,),] 42 g of poly(dimethyl-
co-hydromethyl)siloxane [(CH,),Si][OSi(CH,),].,[OSi(CH,)
H],.[OSi(CH,),] and 15 g of vinyltriethoxysilane
(CH,=CHSIi(OC,H,), were placed in a three-neck round
bottom flask equipped with a thermometer, reflux con-
denser and magnetic bar. A catalyst (5-10° mol Pt per
mol Si-H) was then added at room temperature. After
the introduction of the catalyst, the solution was heated
to 100°C. When complete conversion of vinyltriethoxysi-
lane occurred (as monitored by FT-IR analysis), 43 g of allyl
polyether CH,=CHCH,(OC,H,),OH was added. The solu-
tion was maintained for 1 h at the same temperature as
before. Then, the reaction mixture was cooled, to yield the
viscous, yellow liquid as a product.

NMR analyses of the product confirmed its structure:

'H NMR (C,D,, 298 K, 300 MHz) ppm: 0.12 [18H,
Si(CH,),]; 0.19 (375H, SiCH,); 0.42 (70H, SiCH,); 1.22
(90H, OCH,CH,); 1.47 (30H, SiCH,CH,); 3.34 (30H,
SiCH,CH,CH,); 3.58 (420H, -OCH,CH,-); 3.82 (60H,
OCH,CH,).

BCNMR (C,D,, 298 K, 75.5 MHz) ppm: -0.59 [Si(CH,),J;
1.03 (-OSiCH,0-); 13.33 (-SiCH,)); 18.46 (OCH,CH.,)); 23.02
(-SiCH,CH,); 58.47 (OCH,CH,); 61.61 (-SiCH,CH,CH.);
70.52 (-OCH,CH,"). : )

»Si NMR (C.D,, 298 K, 59.6 MHz) ppm: 7.21 [Si(CH,),];
-21.42 [Si(CH,),]; -21.97 [Si(CH,)CH,)]; -46.07 [Si(OCH,CH,].

Synthesis of anti-fog and dew-resistant preparations

Bifunctional polysiloxane of a defined struc-
ture was dissolved in a mixture of isopropyl alcohol,
water and poly(ethylene glycol), ensuring the ratio of
[PrOH] : [H,O] : [PEG] equal to 2:1:0.08, in order to
obtain solutions containing the bifunctional polysilox-
ane in the concentration of 1, 2, 5 and 10%. The solutions
were then acidified with acetic acid to get pH of 3.5-4
and stirred at room temperature for 1 h, after this time
the preparation was ready to use.

Deposition of the preparation onto glass plates
Glass plates were washed with a mixture of water and

detergent, then washed a few times with demineralized
water and acetone and dried in a vacuum desiccator. With

the help of an atomizer the preparations were deposited
onto glass surfaces and left to dry. After drying the glass
surface coated with the preparation film was polished with
a cotton cloth and the samples were subjected to the tests.

Methods of testing
Determination of hydrophilic properties

The water contact angles were measured using an
automatic video contact-angle testing apparatus Kriiss
model DSA 100 Expert. A 0.010 cm? volume of water was
applied onto the treated plates and the contact angle was
determined from the video camera images of the drop
in the course of its formation. Each value is an average
from five drops.

FT-IR analysis

FT-IR spectra of the modified plates were taken on
a Bruker spectrometer, model Tensor 27, with a Specac
Golden Gate single reflection diamond ATR accessory.

Tests

Following the procedure described in [51], the samples
made of glass plates coated with the obtained prepara-
tions were subjected to application tests. All the tests
were performed for the coated sample and the reference
uncoated sample.

Test 1

A beaker containing boiling water was covered with the
coated sample and the reference sample and their steaming
was compared. If the coated sample remained transparent
the coating was evaluated as effective (very good) and sho-
wing full dew-resistant effect. If the coated sample was par-
tly steamed, but to lesser degree than the reference sample,
the coating was evaluated as good. If the coated sample
was steamed to a degree similar to that of the reference
sample, the coating was classified as unsatisfactory.

Test 2

The samples were placed in a refrigerator at 4°C for 1
h, then the degree of steaming was evaluated according
to the same criteria as above.

Test 3

The samples were placed in a freezer at -20°C for 1 h
and then the degree of steaming was evaluated, if the
coated sample was steamed the time in which it became
transparent was measured.

RESULTS AND DISCUSSION

In our study we used derivatives of polysiloxanes
(silicones). Typical silicones contain methyl groups, that
endow hydrophobic properties to the compounds and are
linked to silicon atom. Silicones show high thermal stabi-
lity, low surface energy and are chemically inert, which
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makes them attractive for applications in many areas of
industry and in everyday life [52]. Of increasing signi-
ficance are modified polysiloxanes, combining the cha-
racteristic features of a siloxane chain and the properties
and reactivity of a certain functional group [53]. There
are different methods of polysiloxanes functionalization,
although hydrosilylation is one of the easiest ways for
introduction of a certain functional group to a polysilo-
xane chain [54].

The study was performed using bifunctional polysi-
loxanes containing polyether and trialkoxysilyl groups.
These derivatives were obtained in the reaction of con-
secutive hydrosilylation, with the use of allyl polyethers
and vinyltrimethoxysilane with poly(dimethyl-co-hydro-
methyl)siloxane [49, 50], according to Scheme A:

CH, GH, GH; GHs 2 CH,=CHCH,(OCH,CH,) OR
HiC—Si—FO—Si—f O—Sl—F O—Si—CH, —
CH;3 CH; H CHj, y CH,=CHSI(OC,Hy),
x v
H,C — (OCH,CH,) OR

&,

G/ g/ gny /g o
H;C—Si O—Si O—Si O—Si—O+Si—CH;
< ﬁ{ aﬁ( >

x :Hz y f

C

x =10, 50 or 70
y=5o0r10
z=5,150r20
r=y+z
p=712

Si(OGHs); R=H or CHy

Scheme. A. Synthesis of bifunctional polysiloxanes based on
consecutive hydrosilylation

As polyether groups show hydrophilic and polar cha-
racter, in combination with the polysiloxane chain they
give a hybrid material of amphiphilic properties. The
trialkoxysilyl group as a result of hydrolysis and con-
densation with hydroxyl groups on the surface of glass
permits a stable connection of the modified polysiloxane
with the glass. In order to establish the effect of certain
types of functionalized polysiloxanes on the properties
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Fig. 1. FT-IR spectrum of the coating made of polysiloxane con-
taining a polyether group with a terminal -OH group

of the final product, we used polysiloxanes of different
chain length and different content of Si-H groups and
allyl polyethers of different content of ethoxy groups
terminated with -OH or -OCH, groups. All synthesized
compounds were used for making a preparation that was
deposited on glass surfaces. Bifunctional polysiloxanes
were dissolved in a mixture of isopropyl alcohol, water
and poly(ethylene glycol). Water is necessary for hydro-
lysis of alkoxyl groups in polysiloxane, while isopropyl
alcohol is the solvent that makes the system homogenic.
The addition of poly(ethylene glycol) delays the evapo-
ration of the preparation deposited on the glass surface
and improves its adhesion. To ensure effective hydroly-
sis and condensation, pH had to be maintained at a level
of 3.5-4, which was achieved by addition of acetic acid.
A few samples of the preparation, differing in the amo-
unts 1, 2, 5 and 10 wt % of the active component (functio-
nalized polysiloxane) were obtained. The preparations
were deposited on clean glass surfaces by sputtering with
the use of an atomizer or by rubbing the glass surface
with a cloth wetted with a given preparation afterwards
left to dry. The coatings obtained were subjected to FT-IR
spectroscopic study and to wetting angle measurements.

Results of FT-IR analyses confirmed the presence
of functionalized polysiloxane on the glass surface.
Exemplary FT-IR spectra of two coatings made of prepa-
rations differing only in the terminal group of polyether
-OH or -OCH, are presented in Figs. 1 and 2.

The main difference is the presence of a signal at
3472 cm™ (Fig. 1) assigned to the stretching vibrations
of -OH bond. The spectra of both samples show sig-
nals at 2959 cm™ and 2867 cm™ assigned to the stretch-
ing vibrations of C-H, at 1454 cm”, 1411 cm™ and
1350 cm™ assigned to the deformation vibrations of C-H,
at 1259 cm™ coming from Si-CH, group, at 1088 cm™ com-
ing from the vibrations of Si-O-Si, at 1013 cm™ assigned
to the C-O-C bond and at 796 cm™ originating from the
vibrations of Si-CH, group.

Lﬁ_ —
O
0.6 R 2
S2g
[ee)
0.5 ®
aq
04 g
z 2
i
22 0.3 =
()
< o N
0.2 - S
- S ~
[}
)
0.1 H

0.0
4000 3600 3200 2800 2400 2000 1600 1200 800
Wave number, cm’

Fig. 2. FT-IR spectrum of the coating made of polysiloxane con-
taining a polyether group with a terminal -OCH, group
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Table 1. Contact angles measured for glass surfaces coated with preparations containing bifunctional polysiloxane [(CH,),Sil]
[0Si(CH,) ] [0Si(CH,)(CH,CH,Si(OC,H,) ] [0Si(CH){(CH,),(OC,H,) OR] [OSi(CH,),]

Bifunctional polysiloxane Concentration WCA
Sample 0 o
X y z P R wt % [°]
1 50 5 20 7 H 1 45
2 50 5 20 7 H 2 25
3 50 5 20 7 H 5 <10*
4 50 5 20 7 H 10 <10*
5 50 5 20 7 CH3 5 25
6 50 10 15 7 H 5 25
7 50 5 20 12 H 5 <10*
8 50 5 20 12 CH3 5 25
9 10 5 5 CH3 5 45
10 70 10 20 CH3 5 30
11+ 50 5 20 12 H 5 <10*
12%* 50 5 20 7 H 5 <10*

* — water contact angle (WAC) unmeasurable by the instrument used; ** — water contact angle measured for the coated plate 5 times

washed with water and dried by rubbing with a cloth.

T able 2. Results of experiments testing anti-fog properties of glass plates coated with [(CH3)3Si][OSi(CH3)2]X[OSi(CH3)

(CH,CH,Si(OC,H,),] [OSi(CH,){(CH,) (OC,H,) ORI [OSi(CH,),]

Bifunctional polysiloxane i
Sample POy Concent: ation Test 1 Test 2 Test 3
X y zZ p R wt %

1 50 5 20 7 H 1 + + +

2 50 5 20 7 H ++ + +
3 50 5 20 7 H 5 +++ +++ +++(5)
4 50 5 20 7 H 10 +++ +++ +++(5)
5 50 5 20 7 CH3 5 ++ ++ ++(30)
6 50 10 15 7 H 5 ++ ++ ++(25)
7 50 5 20 12 H 5 +++ ++ ++(20)
8 50 5 20 12 CH3 5 +++ ++ ++(25)

9 10 5 5 CH3 5 ++ + +
10 70 10 20 CH3 5 +++ ++ ++(35)
11 50 5 20 12 H 5 +++ o+ ++(25)
127 50 5 20 7 H 5 +++ ++ ++(15)

+++—very good; ++— good; + — unsatisfactory; in parentheses: time of evaporation in seconds for the samples for which this time was shor-

ter than 60 s; ** — glass sample coated with the preparation proposed and 5 times washed with water and dried by rubbing with a cloth.

The properties of the coated surface were characterized
by the measurements of the contact angle (wetting angle) by
the sessile drop technique, the results are given in Table 1.

On the basis of the data from Table 1 it can be con-
cluded that the glass surfaces covered with all types of
coatings were hydrophilic, although the surfaces covered
with a few coatings were so easily wettable that the con-
tact angle measurement was impossible (the drop imme-
diately spread over). Contact angle measurements per-
mitted determination of the optimum concentration of
the active substance (5 wt %) for which the wettability
was maximum. These results also indicated that the coat-
ing surface wettability depended on type of the terminal
groups in polyether group. For the derivatives with the
terminal -OCH, groups the contact angles were higher

(contact angle measurement was possible) than for those
with the terminal -OH groups (samples 3 and 5, and sam-
ples 7 and 8). The contact angle value was not affected
by the length of the polyether chain, but it definitely was
affected by the length of the polysiloxane chain. For the
sample with a short polysiloxane chain (sample 9) the
contact angle was much higher than for the other sam-
ples. Besides the length of the polysiloxane chain, also
the number of functional (polyether) groups per the
unit length of the chain has impact on the contact angle.
For instance, sample 10 contains a longer polysiloxane
chain, but a lower number of polyether group (per the
unit length of the chain) than sample 5, and the contact
angle obtained for the former is higher than for the latter.
The durability of the coatings is illustrated by the con-
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Fig. 3. A photograph illustrating the dew-resistant effect of the

coating containing 5 wt % of bifunctional polysiloxane, sample 3

tact angles determined for samples 11 and 12. These two
samples were prepared in the same way as samples 7 and
3, but for the former two the contact angle was measured
after five times repeated washing and drying, not imme-
diately after deposition of coating like for samples 3 and
7. For all four samples (3, 7, 11, 12) the same results were
obtained. The contact angles were below 10°, which means
that the coating shows hydrophilic properties. At the next
stage the anti-fog (dew-resistant) properties of the coated
surfaces were tested. Following the procedure described
in [54] the dew resistance was tested by three methods. All
tests were based on comparison between the pure glass
plate and the glass plate coated with a given preparation.
In the first test the glass plate and coated glass plate were
exposed to steam. If the coated plate remained transpar-
ent the coat was evaluated as effective (very good) and
showing dew resistance. If the coated sample was partly
steamed but less than the pure glass plate, the coating was
evaluated as good. If the coated sample was steamed to
a degree similar to the pure glass, the coating was evalu-
ated as unsatisfactory. In the second method, the analo-
gous set of samples were placed in a refrigerator and left
there for 1 hour at 4°C. After this time the samples were
taken out of the fridge and the steaming was evaluated
applying the scale similar to that used in method 1. In the
third method, the analogous set of samples were placed
in the freezer and kept there for 1 hour at -20°C. After
this time the plates were taken out and if the coated plate
was steamed it was observed how much time is needed
to make it transparent. Table 2 presents the results for all
the samples for which contact angles were measured and
presented in Table 1.
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Fig. 4. The dew-resistant effect of the best coating containing
5 wt % of bifunctional polysiloxane (sample 3) contrasted with
the reference sample in test 2

The tests results permitted selection of coatings sho-
wing anti-fog (dew-resistant) activity. Although the majo-
rity of the coated surfaces were hydrophilic or strongly
hydrophilic, only some of them were found to show dew
resistance. The results revealed the best performance of
the sample coated with the preparation containing 5 wt %
of bifunctional polysiloxane, samples 1-4. The test obse-
rvations confirmed the conclusions following from the
contact angle measurements, i.e. that the coating with the
too short siloxane chain (sample 9) and that with a long
siloxane chain but with a too low number of hydrophilic
groups (sample 10) showed much poorer performance.
The best results were obtained for the coating containing
polyether groups with terminal hydroxyl groups (sam-
ples 3, 4, 7, 11, 12). Figure 3 is a photograph showing the
dew-resistant effect achieved covering a glass plate with
the coating containing 5 wt % of bifunctional polysilo-
xane, sample 3, contrasted with the steamed reference
plate.

The most demanding test was that number 3 (freezer)
as the samples taken out from the very low temperature
show high propensity to steaming. All coated plated were
steamed, although the samples with best coatings very
quickly became transparent, which illustrated the effect of
the coating (Fig. 4). The best results in test 3 were also obta-
ined for sample 3. The rubbing and washing tests, samples
11 and 12, confirmed the durability of the coatings, which
maintained their properties after a few times washing
and rubbing. The modification of glass surfaces with the
bifunctional polysiloxane is realized through condensa-
tion of alkoxyl groups with the hydroxyl groups present
on the glass, as schematically shown in Scheme B.

The presence of alkoxyl groups permits generation
of stable bonding to glass. The properly adjusted pH, at
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Scheme B. Modification of glass plate surface with bifunctional
polysiloxane

a level of 3—4 facilitates hydrolysis of the alkoxyl groups
and formation of the active silanol groups that undergo
condensation with the hydroxyl groups on the glass
surface. Thanks to the structure of the siloxane chain
(every second substituent at the oxygen atom is miss-
ing) and its properties (it is flexible, capable of assum-
ing certain orientation on the surface and has low sur-
face energy) it is possible to achieve uniform coverage
of glass plates. The coating modified with bifunctional
polysiloxanes is characterized by strong adhesive prop-
erties determined by the proper arrangement of the func-
tional groups attached to the siloxane chain, as shown
in Scheme B. Effectiveness of the modification depends
also on the correct ratio of the functional groups in poly-
siloxane. Excess of alkoxyl substituents may make the
chain lose the flexibility and become too stiff. When the
siloxane chain has fewer connections with glass substrate
it is more flexible and the hydrophilic polyether groups
can easier assume a desired orientation on the surface.
The polar polyether groups are directed outward of the
surface making a uniform transparent film that facilitates
dispersion of water droplets. Moreover, the presence of
oxygen atoms in their structure enables them to inter-
act with the glass surface through hydrogen bonds thus
stabilizing the coating. The applied polysiloxane shows
excellent dew-resistant properties because of a low sur-
face energy and is able to uniformly spread on the surface
of the support and form a homogeneous coating. Steam
deposited on the coating is quickly dispersed, which
makes the film transparent and permits fast run-off of
water droplets. The siloxane chain is hydrophobic and
anti-adhesive, so in winter conditions or for surfaces in
refrigerators of freezers the ice layer is weaker attached to
the coating surface, which facilitates its removal.

CONCLUSIONS

Thanks to the use of bifunctional polysiloxanes for
modification of transparent surfaces it was possible to
obtain in a simple and cost-effective way durable coatings
showing anti-fog and dew-resistant properties. The pres-
ence of polyether groups in a polysiloxane chain endows

the coating with strongly hydrophilic character, while
the presence of trialkoxysilyl groups permits stable con-
nection with the support surface. Analysis of the effect of
the polysiloxane structure on the coating properties has
shown that the longer the siloxane chain and the greater
the content of polyether groups, the better the anti-fog
properties. It has been also established that better prop-
erties were obtained for the derivatives whose polyether
groups were terminated with hydroxyl groups, instead of
alkoxyl ones. The best anti-fog and dew-resistant prop-
erties were observed for the coating containing the poly-
siloxane of the following chemical formula: [(CH,),Si]
[OSi(CH,),],,[OSi(CH,)(CH,CH,Si(OC,H,),],[OSi(CH,)
{(CH,),(OC,H,),OH], [OSi(CH,),] (sample 3). The prepa-
ration based on this polysiloxane [55] permits a durable
modification of the transparent material (glass) surface
and effectively protects it from steaming. Owing to the
hybrid character of bifunctional polysiloxane (polyether
group is hydrophilic, while polysiloxane chain is hydro-
phobic and anti-adhesive) the steam is easily dispersed
on the surface of the coating and water droplets easily
run-off it. At low temperatures the coating properties
permit easy removal of ice deposited on glass surface.
The properties of the polysiloxane chain, i.e. its flexibil-
ity, ability to assume a certain orientation on the surface
and low surface energy, ensure a uniform coverage. The
use of bifunctional polysiloxanes containing polyether
groups is one of the simplest, cheapest and at the same
time most effective approaches to achieve a durable anti-
fog and dew-resistant coating.
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