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Abstract

Earlier research demonstrated the dependence of 3-aminopropyltriethoxysilane (APTES) wetting properties on
cleaning, functionalization, and post-treatment processes on oxide surfaces, e.g., glass surfaces or Si wafer surfaces,
but not on float glass surfaces. Also, oxide glass surfaces were functionalized by different silanes and were applied
with ultraviolet (UV) radiation-curable inks or adhesives. The resulting adhesion forces differed depending on the
silane and the UV-curable ink or adhesive used. The chemical diversity of silanes leads to different surface energy on
glass surfaces and was used to gain further insights into a correlation between wetting properties and the resulting
adhesion forces. This work investigates the suitability of dynamic contact angle measurement (DCA) for indicating
adhesion forces via contact angle hysteresis and the resulting drop age. Two types of test fluids (diiodomethane and
water) are applied on hydrophilic float glass surfaces (air side and tin side) and on a hydrophobic PE foil surface.
The functionalization of glass substrates is realised by reproducible vapour and solution deposition of APTES, which
results in different wetting properties of float glass surfaces. The investigations are complemented by static contact
angle measurements of different test fluids, and the appropriate surface energies are evaluated via the Owens, Wendt,
Rabel, and Kaelble method. The polar and non-polar surfaces are clearly differentiable by contact angle hysteresis
and drop age. The DCA results of the hydrophilic float glass surfaces and the hydrophobic PE foil surface confirm the
suitability of using the DCA parameters hysteresis and drop age for indicating adhesion forces on functionalized float
glass surfaces. The hysteresis and drop age of assumed completely APTES-functionalized float glass surfaces confirm
the suitability of the DCA measurement for indicating adhesion forces, too. The test fluid diiodomethane is suitable for
indicating adhesion forces on the air side of the float glass, and the test fluid water is suitable for indicating adhesion
forces on the tin side of the float glass. With the increased water contact angle, the hysteresis and drop age increased
using the polar test fluid water. This does not support the polarity theory of de Bruyne. By using the non-polar test
fluid dilodomethane, the hysteresis and drop age decrease with increasing contact angle and also do not support the
adhesion theory of de Bryne. The research results show a way of indicating the adhesion forces of different function-
alized float glass surfaces, by using only one silane, and serves as a pre-step for better understanding of e.g. UV-ink
adhesion forces dependent on glass surface wetting properties.
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1. Introduction and background

Among trialkoxyorganosilanes, 3-aminopropyltrieth-
oxysilane (APTES) is one of the best-known and most
commonly widely used trialkoxyorganosilane for
chemical and physical modification of oxide surfaces,
e.g., microscope slides and Si-wafer surfaces, and is
used as a coupling agent to promote adhesion between
inorganic and organic substrates (Plueddemann, 1991;

Mittal and O’kane, 1976). According to Plueddemann
(1970, p. 185) and Wolf (2022, p. 4) the APTES molecule
follows the general formula of organosilanes (X),;Si(CH,)
Y; while X marks the alkoxy group, e.g., methoxy or
ethoxy group (OCHj, OC,Hs), Y marks the organofunc-
tional group, e.g., amino, vinyl, mercapto, etc., and CH,
marks the alkylene bridge (called spacer or linker),
typically a propylene chain. APTES has three hydrolyz-
able ethoxy groups and one organofunctional amino
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group (NH,) per molecule. The bonding of inorganic
to organic substrates is based on reversible hydrolysis
and condensation processes and described by various
authors like Osterholtz and Pohl (1992), Altmann and
Pfeiffer (2003), Chauhan, et al. (2008), Da Silva, Ochsner
and Adams (2011, pp. 239-243), Kim, Holinga and
Somorjai (2011), Yadav, et al. (2014), Deetz and Faller
(2015) and Kog, Sert Cok and Gizli (2020); the influ-
encing parameters are listed by Issa and Luyt (2019).
The aim is to attach the condensation process resulting
siloxane bonds covalently to the silanol groups (Si-OH)
of the SiO, surface or neighbour molecules via hydro-
gen bonding or electrostatic interactions to a polysi-
loxane network. There are different ways for APTES
to build several surface and layer structures like cova-
lent attachment, horizontal polymerization through
adjacent APTES molecules and multilayers resulting
from the trifunctionality of APTES molecule, which
leads to vertical polymerization described by Fadeev
and McCarthy (1999), Asenath Smith and Chen (2008),
Pasternack, Rivillon Amy and Chabal (2008), Acres,
et al. (2012) and Yadav, et al. (2014). The investigated
adhesion forces of ultraviolet (UV) polymer films with
fixed weight or concentration of APTES and other orga-
nosilanes in the ink formulation or adhesion forces of
UV polymer films on APTES- and other organosilane-
functionalized glass substrates were investigated by
Zhang, et al. (2013) and Wang, et al. (2021). Especially
the investigations of Wang showed off the different wet-
ting behaviour of functionalized glass surface based on
the chemical diversity of the used silanes. Additionally,
the wetting behaviour of APTES-functionalized glass
surfaces depends on the applied functionalization
method. The two widely used deposition methods
are the solution-based method and the vapour-based
method described by Metwalli, et al. (2006) and Liang,
et al. (2014). The most commonly applied solutions for
functionalization are ethanol/water solutions (95:5),
recommended by Arkles, et al. (2014) or toluene solu-
tions described by Arslan, et al. (2006), Fiorilli, et al.
(2008), Pasternack, Rivillon Amy and Chabal (2008),
Kim, Holinga and Somorjai (2011), and with 0.2 % to
2.0 % volume fraction silane concentration described
by Argekar, Kirley and Schaefer (2013), but mostly only
applied for Si wafers or microscope slides. For the
vapour-based method, homemade apparatus, (room
temperature) chemical vapour deposition ((RT-)
CVD) and molecular layer deposition (MLD) are used,
described by Zhang, et al. (2010) and Canané (2019).

The APTES functionalization in the vapour phase is
preferred because of the smaller and sparser particles
(diameter @ < 30 nm) and more uniform monolayer on
the Si wafer surface in comparison with the solution-
based deposition method, which makes controlled
polymerization difficult and shows low reproducibility
and disordered layers on a substrate as described by

Van Der Voort and Vansant (1996), Fiorilli, et al. (2008),
Liang, et al. (2014), and Munief, et al. (2018). Under
“optimal” controlled conditions, the silanes assemble
on the surface in a high-quality uniform self-assembled
monolayer (SAM) mentioned by Silberzan, et al. (1991)
and Van Der Voort and Vansant (1996). Nevertheless,
the functionalization results depend also, e.g., on the
used glass substrate and applied cleaning method,
silane concentration, conditioning, storage, and hydra-
tion of the surface, duration of functionalization, and
curing conditions (e.g., duration, temperature, cooling)
and lead to difficult control of silane structures and
layers described by Van Der Voort and Vansant (1996),
Siqueira Petri, et al. (1999), Altmann and Pfeiffer (2003),
Metwalli, et al. (2006), Matinlinna, Zhu, Lerum and
Chen (2012), and Lung and Tsoi (2018). The diversity
of existent investigations of functionalized surfaces
under different applied cleaning- and functionalization
methods and post-treatments complicates the com-
parison of functionalization results. Investigations in
functionalized float glass surfaces could not be found.
The float glass used in this research is a flat glass
product manufactured by the typical Pilkington pro-
cess described in Pilkington (1969) and has an atmo-
sphere side, also called air side (AS), and a bath side,
also called tin side (TS), which shows different surface
properties, especially different surface wetting prop-
erties depending on applied cleaning method as inves-
tigated by Lazauskas and Grigalitinas (2012). With the
possibility of generating different wetting properties on
hydrophilic leveled float glass surfaces with only one
silane, further insights into the adhesion behaviour of
e.g., UV-inks dependent on the different wetting prop-
erties are allowed. This work investigates the APTES
functionalization of hydrophilic polar alkaline cleaned
float glass surfaces in the vapour and solution phases
with the help of static and dynamic contact angle mea-
surements and evaluates surface energy. Additionally, a
hydrophobic non-polar polyethylene (PE) foil surface
was investigated. The polar and non-polar surfaces
are clearly differentiable by the water contact angle,
surface energy, contact angle hysteresis, and drop age
and show off the suitability of dynamic contact angle
(DCA) measurements for indicating adhesion forces on
surfaces. The applied APTES functionalization methods
lead to reproducible and different wetting properties
of the air and tin sides of the float glass and lead to
clear, differentiable contact angle hysteresis and drop
age when taking the glass side and the test fluid used
into account. Appendix gives a summarized overview of
measured static contact angles (SCAs), corresponding
surface energies (SEs) and DCA parameters drop age
and hysteresis in Tables Al to A5. The investigations
show the suitability of DCA measurement for indicating
adhesive forces resulting from the applied vapour- and
solution-based functionalization processes with APTES,
depending on the float glass sides.



S. Patejdl, U. Jung, C. Knoth and P. Gérrn - . Print Media Technol. Res. - Vol. 12 No. 4 (2023), 177-196 179

2. Materials and methods
2.1 Materials

Table 1 lists all solid materials and fluids used in this
research for sample preparation and measurement.

Table 1: Materials and fluids used

Substrates « Float glass, clear, seamed edge,
126 mm x 50 mm x 2 mm

« PE adhesion foil without adhesive,
transparent, thickness D: 0.06 mm,
IFOHA

e Laboratory dishwasher cleaner,
Neodisher Labo GK, Dr. Weigert

e Ethanol, = 99.8 %, denatured,
CAS-no.: 64-17-5

e Water, Aqua Dest.,
CAS-no.: 7732-18-5,
Wittig Umweltchemie

Cleaning agents

Functionalization e 3-aminopropyltriethoxysilane, 98.0 %,
CAS-no.: 919-30-2,
Thermo Scientific™

e Acetic acid, 100.0 %, Ph. Eur, pure,
CAS-no.: 64-19-7

e Ethanol, = 99.8 %, denatured,
CAS-no.: 64-17-5

¢ Double-distilled water, Aqua Bidest

o Silica gel orange, size 2-5 mm,
CAS-no.: 1327-36-2,
Carl Roth

e Water, Aqua Dest.,

agents

Static contact
angle and Wittig Umweltchemie
¢ Diiodomethane, 99.0 %, stab.,
CAS-no.: 75-11-6,
Alfa Aesar
¢ Benzyl alcohol, 99.0 %,
CAS-no.: 100-51-6
Alfa Aesar
e Glycerol, 99.0 %,
CAS-no.: 56-81-5,
Alfa Aesar

dynamic contact
angle test-liquids

2.2 Cleaning method

The float glass used was cleaned in a 60 °C mildly alka-
line cleaning bath (4 g/1laboratory dishwasher cleaner
(LDC), pH: 11.3-11.4) in distilled water in a stainless
steel container (353 mm x 325 mm x 65 mm) with a
matching lid for 1 h on a hot plate (= 40 °C) followed
by distilled water rinsing of the float glass samples
in a mini-dishwashing machine (MD 37004, Medion)
using program P2 (wash: 50 °C, rinse: 65 °C, dry: 1h)
to remove coarse organic and inorganic contaminants,
to get the float glass surfaces hydrophilic with water

contact angles (WCAs = 1° after 10 s) and to provide a
basis for comparing the wetting behaviour of APTES-
functionalized float glass surfaces. The used cleaning
method is called the “enhanced cleaning method”,
abbreviated EM. The cleaned float glass was stored
for one week at room temperature in dust-free sam-
ple boxes before starting with the functionalization
process.

2.3 Functionalization methodologies

The wetting behaviour of the cleaned float glass sur-
faces was changed by using two functionalization
methods. The APTES functionalization was carried out
via the vapour phase (M1) and via the solution phase
(M2) in the style of Wang, et al. (2021) with different
variants like duration of functionalization and silane
concentration.

2.3.1 APTES functionalization via vapour phase

For the APTES functionalization in the vapour phase,
the APTES listed in Table 1 was used. One to two days
before APTES functionalization, the silica gel was acti-
vated in the drying oven for 2 h at 120 °C, cooled down,
and stored in a little glass container. On functional-
ization day, 130 g of the activated silica gel was filled
in the crystallizer bowl (outer diameter @,: 80 mm,
height H: 45 mm, volume V: 150 ml) and placed on the
bottom of the desiccator (DN200, Duran). Afterwards,
the APTES is pipetted into the eight silane reservoirs
(V: 60 pl each, @y: 10 mm, inner diameter &;: 6 mm,
H: 6.7 mm) of the polytetrafluoroethylene (PTFE) func-
tionalization ring (®,: 115 mm, @;: 90 mm, H: 5 mm)
and placed around the crystallizer bowl with the silica
gel in it.

The porcelain perforated plate was positioned in the
desiccator, and two sample holders (polyoxymethy-
lene) with 16 float glass samples were placed on the
perforated plate. Near them, the thermo-hygrometer
(TP157-3, ThermoPro) was placed and the desiccator
was closed. Afterwards, the desiccator was placed onto
the hot plate (40 °C) of the magnetic stirrer (RSM 10HS,
Phoenix Instruments), and the vacuum pump (AS29,
Wiltec) was connected to the desiccator tap. By starting
the vacuum pump the valve of the desiccator tap had
to be open. The vacuum pump was running for about
2 min, and resulting in an under pressure of 0.08 MPa
inside the desiccator. After 2 min, the valve of the des-
iccator tap was closed, and the vacuum pump could be
stopped. The vacuum procedure was repeated every
hour because of the short vacuum holding of the des-
iccator (< 60 min). During the functionalization pro-
cess, the inside temperature increased to 21.5 °C and
relative humidity decreased to 16 %. After functional-
ization (duration: 2 h, 4 h and 8 h), each of the float
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glass samples was cleaned with a cleanroom cloth sur-
rounded plastic squeegee with = 3 ml of ethanol three
times with two repetitions. Afterwards, the function-
alized batch was rinsed clean in the mini-dishwashing
machine and conditioned at room temperature for
three days in dust-free sample boxes. Within four days,
the SCA and DCA measurements were carried out.

2.3.2 APTES functionalization via solution phase

For APTES functionalization in the solution phase, all
the listed functionalization agents were used (Table 1).
The APTES solution consists of a mass fraction of 95 %
ethanol (570 g +1g) and a 5 % mass fraction of double-
distilled water (30 g + 0.1 g) to reach a volume
of 800 ml. Thereby, the double-distilled water was
added drop by drop to the ethanol with the disposable
pipette (V: 30 ml) and was mixed using the PTFE mag-
netic stirring rod (L x @: 35 mm x 9 mm) in a laboratory
bottle (V: 1000 ml) with closed screw cap for 20 min
at 100 rounds per min (rpm); 5 min before the time
was up, 12 g /48 g of APTES (2 % /8 % mass fraction
of the ethanol/water solution) was weighed in. After
weighing, the APTES was added drop by drop to the
ethanol / water solution and mixed for another 20 min.

After the time was up, the APTES was pre-hydrolyzed
and could be adjusted to a pH of 5.0 with acetic acid.
The silane solution was decanted from the laboratory
bottle into the crystallizer bowl (®,: 140 mm, H: 65 mm,
: 900 ml) with the magnetic stirring rod and was cov-
ered with a polyvinylidene fluoride (PVDF) plate with
a small gap for the electrode of the pH-measurement
device (HI98103, Hanna Instruments) held by a tri-
pod. The electrode was dipped = 10 mm in the silane
solution and needed = 2 min to show a constant pH.
Acetic acid was added step by step with a disposable
syringe (V: 10 ml) into the silane solution till a pH of
5.0 + 0.1 was reached. All the time, the silane solution
was mixed at 100 rpm.

Two hours after the end of mixing the APTES into the
ethanol / water solution, the PVDF sample holder was
placed in the silane solution-filled crystallizer bowl,
followed by the placing of float glass samples in the
sample holder with an acid-proof tweezer. The crystal-
lizer bowl was covered by the PVDF plate, and the float
glass functionalized for 1 h in the silane solution.

After functionalization, the cleaning procedure of
Chapter 2.3.1 was carried out and afterwards the
samples were stored in the drying oven (UN30 Plus,
Memmert) for 1 h at 80 °C, and then finally clearly
rinsed in the mini-dishwashing machine, and condi-
tioned at room temperature in dust-free sample boxes
for 3 days. Within four days, the SCA and DCA measure-
ments were carried out.

2.4 Instruments

A contact angle measuring device (OCA 50, Dataphysics)
was used to measure SCAs with the sessile drop
method and DCAs with the sessile drop method and
tilting plate with test fluids according to DIN EN ISO
19403-7 and DIN EN ISO 19403-6 (Deutsche Institut fiir
Normung, 2020; 2023) to get quantitative data about
the static and dynamic wetting behaviour of cleaned
and APTES-functionalized float glass surfaces as well
as the PE foil surface.

An AFM measurement device (Innova AFM, Bruker)
was used to measure the R,-roughness in two types of
cleaned float glass surfaces. The float glass was first
cleaned with the alkaline cleaning process described in
Chapter 2.2 and in the following cleaning step, the alka-
line cleaned float glass was cleaned in an acetone and
ethanol ultrasonic cleaning bath for 5 min. After both
cleaning procedures, the R;-roughness was randomly
evaluated of 10 pum x 10 um sections in tapping mode.

2.5 Static contact angle methodology

For the SCA measurement, the liquid drops of the test
fluids water, diiodomethane, benzyl alcohol, and glyc-
erol were used (Table 1). The adjusted contact angle
measuring parameters and equipment used are listed
in Table 2.

Table 2: Adjustments and equipment for static contact
angle measurement using device OCA 50 of Dataphysics

Syringe Disposable, V: 1 ml

Dosing needle @y: 0.91 mm, @;: 0.58 mm, L: 38.1 mm

Dosing volume 2ul

Dosing rate 0.10 pl/s

Method Sessile drop

Brightness Grey value between 170 and 200 in an
area of = 30 px over the positioned
baseline; in the case of PE foil,
adjustment to maximum.

Measurement Standard table for (functionalized) float

table glass, intake plate for planar fixing of PE

foil
Live window size 1100 x 730 px
Frame rate 22.39 frames per second

Contour fitting Ellipse-fitting method

The liquid drops were placed with a disposable
syringe and dosing needle on the EM-cleaned APTES-
functionalized float glass surfaces and the PE foil
surface. All measurements were done in a dark envi-
ronment to avoid reflections in the liquid drop placed
on the substrate surface. The dosed liquid drops were
slowly picked up by the table used, and the applied lig-
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uid drops lied for 10 s on the substrate surface to reach
an approximate three-phase equilibrium. The applica-
tion procedure was recorded by video and started by
exceeding the optical trigger line that was placed near
the drop curvature. The data fit of the first complete
and sharply contoured lying drop on the surface, 3
frames after drop application, was used as the starting
point for the evaluation of contact angle data over time.
The mean contact angles (CAMs) were evaluated after
frame 224 (approx. 10 s). For each test fluid, 20 CAMs on
both glass sides and on the PE foil surface were carried
out and evaluated. The following interpretations refer
exclusively to the median of the SCA measurements.

2.6 Dynamic contact angle methodology

For the DCA measurement, the test liquids dilodometh-
ane and water (Table 1), and adjustments and equip-
ment given in Table 3 were used.

Table 3: Adjustments and equipment
for dynamic contact angle measurement
using device OCA 50 of Dataphysics

Syringe Disposable, V: 1 ml
@y: 1.83 mm, @;: 1.37 mm, L: 38.1 mm

Diiodomethane: 4 pl; water: 20 ul

Dosing needle
Dosing volume

Dosing rate 0.10 ul/s

Method Sessile drop

Brightness Grey value between 170 and 200 in an
area of = 30 px over the positioned
baseline; in the case of PE foil,
adjustment to the maximum.

Measurement Standard table for (functionalized-)

table float glass, intake plate with membrane

vacuum pump of Dataphysics for planar
fixing of PE foil

1600 px x 730 px

10.00 frames per second

Relative velocity of 0.5°/s (0.10°/step)

Live window size
Frame rate
Electronic tilting
device

Contour fitting Polynomial-fitting method

The test fluids were placed with a disposable syringe
on the EM-cleaned APTES-functionalized float glass
surfaces and the PE foil surface. The table was taped
to the float glass sample format to create the best pos-
sible vacuum. The float glass sample was placed in the
centre of the intake plate to arrange the camera and
the sample in a T-shape position. The dosed liquid drop
of each test liquid was slowly picked up with a stand-
ard table or the running intake plate after the drop
dosing ended and lied for 10 s on the substrate surface.
The video recording started shortly before picking up
the dosed drop. After the drop was lying on the sur-
face, a timer run up to 10 s and then the tilting was
immediately manually started. The tilting was stopped
manually when the liquid drop had rolled out of the
live window. From the last tilting table data of 0.00°,
the frames were counted up, and the corresponding
advancing and receding contact angles were shown
in diagrams of DCA measurements over frame time
(100 frames = 10 s). On both float glass sides (cleaned
and functionalized ones) and on the PE foil surface,
5 DCAs were captured with test fluids diiodomethane
and water and evaluated.

3. Results of evaluated SCA measurements
and SE

In the following sections, the measured SCAs on the float
glass surfaces are evaluated and exemplarily shown in
appropriate boxplot and table. The SCA results of the
PE foil and the APTES-functionalized float glass surfaces
(M1/M2) are displayed in tables. Additionally, the SEs
of investigated surfaces are evaluated with the Owens,
Wendt, Rabel, and Kaelble (OWRK) method (Owens and
Wendt, 1969; Rabel, 1971; Kaelble, 1970).

3.1 The SCA results of EM-cleaned hydrophilic
float glass surfaces

Evaluated SCAs of EM-cleaned float glass surfaces
are listed in Table 4 and shown in Figure 1. The WCA
results, evaluated at frame 35 (circle-fitted), of three

Table 4: Contact angles: median, min. and max. and deviation of 20 SCA measurements
of the test fluids used on the AS and TS of the EM-cleaned float glass surfaces;
an ellipse fitted WCA of ~ 1° after 10 s is assumed

SCA [°] Water Diiodomethane Benzyl alcohol Glycerol
AS 1.0 45.2 28.9 18.9
Min./Max. - 44.1/46.7 27.0/29.6 17.6/20.3
Deviation - +1.3 +1.3 +14

TS 1.0 421 221 20.8
Min./Max. - 39.3/44.4 20.5/23.4 18.0/23.4
Deviation - +2.6 +1.5 +2.7
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Figure 1: Solid contact angles of the EM-cleaned float glass surfaces with the test fluids
used on the air side (AS) and the tin side (TS)

samples of EM-cleaned and one week at room temper-
ature conditioned float glass were tested for normal-
ity with the Shapiro-Wilk test. One (GL_1) of the three
samples showed normal distribution on both sides of
the glass, with GL_1_1 DF (10), statistics: 0.927; p = 0.423
and GL_1_2, DF (10); statistics: 0.962; p = 0.811. This
data series was tested for significance with the paired
sample t-test and showed no significant difference
between the glass sides (Table 5) and confirmed the
result of Patejdl, Jung and Freieck (2022) with no sig-
nificant difference between the wetting properties of
the AS and TS after the alkaline cleaning procedure.

An ellipse-fitted WCA median of 1° was assumed after
10 s. The evaluated surface energies of the AS and TS
complied with the leveling with SEs of 51.8 mJ/m? and
52.12 m]/m? respecetively.

3.2 The SCA results of the hydrophobic
PE foil surface

The SCA data of the PE foil surface (Table 6) show
clearly the hydrophobic, non-polar wetting behaviour
of the surface with a WCA median of 101.8° in compari-
son with the WCA data of hydrophilic EM-cleaned float
glass surfaces (Table 6 vs Table 4). The SE of the PE
foil surface was 30.9 mJ/m?, and much lower than the
SEs of the EM-cleaned float glass surfaces, which were
about 52.0 mJ/m?.

Further, the PE foil surface was more homogeneous,
which can be seen in the deviations of CAM data in
comparison with the EM-cleaned float glass surfaces
(Table 6 vs Table 4). The PE foil surface is suitable as a
benchmark for the homogeneity of surfaces.

Table 5: Significance tested by paired sample t-test on data series
GL_1AS to TS of the EM-cleaned float glass samples

Samples EM,

DF(10) t-statistic Prob.>|t|] p<.05 p<.01 p<.001 Mean SD SEM Median
GL_1.1 -2.106 0.064 - - - 5.128 0.987 0.312 5.366
GL_12 - - - 5.715 0.646 0.204 5.794

Table 6: Contact angles: median, min. and max. and deviation of SCA measurements
of the test fluids used on the PE foil surface

SCA [°] Water Diiodomethane Benzyl alcohol Glycerol
PE foil 101.8 56.2 45.6 88.9
Min./Max. 100.6/102.3 55.6/57.0 44.5/46.0 86.9/89.7
Deviation +0.9 +0.7 +0.8 +14
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3.3 The SCA results of the M1 APTES-functionalized
float glass surfaces in vapour phase

The EM-cleaned float glass was APTES-functionalized
in the vapour phase by varying the functionalization
duration (2 h, 4 h, 8 h). The comparison of the median
WCA shows no increase in hydrophobicity with longer
functionalisation times. Further, the WCA median of
the AS and TS differed clearly in comparison to the
EM-cleaned float glass surfaces. Exemplarily, these dif-
ferences are shown in the Table 7 of the M1 (8 h) func-
tionalized float glass surfaces. WCAs were evaluated
on the AS between 35° and 41° and on the TS between
22° and 37° over functionalization durations of 2 h, 4 h
and 8 h. The SEs were between 54.9 m]/m? of M1 (2 h)
and 55.2 mJ/m? of M1 (8 h) on the AS and on the TS
between 55.6 m]/m? of M1 (8 h) and 60.9 m]/m? of M1
(2 h) and increased in comparison with the SEs of the
EM-cleaned float glass surfaces.

3.4 SCA results of the M2 APTES-functionalized
float glass surfaces in solution phase

The EM-cleaned float glass was APTES-functionalized
in the solution phase with 2 % and 8 % silane concen-
trations in ethanol/water solution. The WCA median

of 2 % silane functionalized AS was 50° and on the TS
47.5° (Table 8). The WCA median of 8 % silane concen-
tration showed despite of higher silane concentration,
decreasing WCA median of 36.5° on the AS and 34.9° on
the TS (Table 9). In contrast to APTES-functionalized
float glass surfaces in vapour phase, the WCA median on
the AS and TS of APTES-functionalized float glass sur-
faces in solution phase differed less. The SE on the AS
of M2 (2 %) was 49.8 mJ/m? and on the TS 49.5 m]/m?.
The SE on the AS of M2 (8 %) was 62.2 m]/m? and on
the TS 62.3 m]/m?

4. Results of DCA measurement

The following subsections show exemplarily the DCA
measurements and evaluated data (advancing and
receding contact angle, drop age, baseline diameter
(BD), tilt base (TB) and hysteresis) of investigated sur-
faces by using the test fluid diiodomethane. The DCA
results of the test fluid water are included in chap-
ter 4.5 and show their relevance only on the tin side
of APTES-functionalized float glass surfaces. Appendix
shows all evaluated SCAs, corresponding SEs and DCA
parameters, hysteresis and drop age, for test fluids
diiodomethane and water used (Tables Al to A5).

Table 7: Contact angles: median, min. and max. and deviation of 20 SCA measurements of test fluids
used on the AS and TS of the M1 (8 h) APTES-functionalized float glass surfaces

SCA [°] Water Diiodomethane Benzyl alcohol Glycerol

AS 37.8 37.5 14.9 39.3

Min./Max. 35.6/40.6  35.5/40.7 11.7/17.7 37.3/43.7

Deviation +25 2.6 +3.0 +3.2

L ™ s Bl >y

TS 22.2 36.1 10.3 394

Min./Max. 18.7/319 34.0/37.4 9.7/13.2 36.5/42.7
+1.8 +3.1

Deviation + 6.6 + 1.7_

Table 8: Contact angles: median, min. and max. and deviation of 20 SCA measurements of the test fluids
used on the AS and TS of the M2 (2 %) APTES-functionalized float glass surfaces

SCA [°] Water Diiodomethane Benzyl alcohol Glycerol
AS 50.3 40.7 11.5 44.0
Min./Max. 47.4/54.5 36.4/42.1 9.8/14.9 42.7/52.5
Deviation +3.6 +29 +2.6 +49

D B ——
TS 47.5 41.9 12.0 50.9
Min./Max. 43.5/52.8 39.8/43.5 7.5/16.8 46.4/53.9
Deviation +4.7 +19

oy e

+4.7 +3.8

——
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Table 9: Contact angles: median, min. and max. and deviation of 20 SCA measurements of the test fluids
used on the AS and TS of the M2 (8 %) APTES-functionalized float glass surfaces

SCA [°] Water Diiodomethane Benzyl alcohol Glycerol
AS 36.5 31.5 2.0 33.9
Min./Max. 35.8/379 29.9/32.4 - 32.0/35.9
Deviation +1.1 +1.3 - +2.0
L _ W o e
TS 34.9 33.1 2.0 33.4
Min./Max. 31.6/38.5 32.2/34.0 - 30.9/36.6
Deviation +3.5 09 - £29

—e ey w—

4.1 Results of DCA measurements on the
EM-cleaned float glass surfaces

The DCA measurements on the EM-cleaned hydrophilic
(polar) float glass surfaces with test fluid dilodometh-
ane showed on the TS a higher hysteresis (39.8° to
42.0°) than on the AS (30.1° to 31.8°) (Figures 2, 3a;
Table 10) and a longer drop age of the TS (72.9 s to
82.4 s) in comparison to the AS (59.9 s to 62.7 s)
(Figure 3b; Table 10). The sharp drop part at the end of
the advancing - and receding curves shows the incor-
rect polynomial fitting when the drop runs out of the
measurement zone.

Out of the float glass manufacturing process, the TS
(1-2 nm) is smoother than the AS (4-10 nm) as reported
by Stiell (2002) and Silvestru, et al. (2018). The smoother
surface results from the density differences between
molten glass and tin. During the floating of molten
glass on the tin bath, it is not unreasonable that the
diffusing tin ions open the glass network by converting
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bridging oxygens to non-bridging oxygens supported
by the research of Sestak, Mare$ and Hubik (2010) and
Varshneya and Mauro (2019), just as network modifi-
ers do. The alkaline cleaning bath used could attack
the “weaker” TS more than the AS, which results in a
higher surface roughness, an unsteady course of DCA
measurements, and a larger hysteresis. This hypothesis
can be supported by the research of Han, et al. (2016),
which shows different Si wafer surface roughness after
using different cleaning methods. AFM measurements
showed on alkaline cleaned float glass surfaces the
R, roughness of 0.30 nm on the AS and 0.36 nm on
the TS with relatively similar R, roughness, but also
assumed dust impurities, which complicate the evalu-
ation of AFM measurements (Figure 4). An additional
cleaning step with acetone and following ethanol
ultrasonic bath led to better distinctions of roughness
between AS and TS with 0.41 nm and 0.58 nm, respece-
tively (Figure 5). The AFM results support the adop-
tion of the “weaker” tin-side and the resulting larger
hysteresis.

- Bagy 1
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Figure 2: Dynamic contact angles on the EM-cleaned float glass surface, with the test fluid diiodomethane;
air side (a), and tin side (b)
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Figure 3: Diiodomethane drop (4 ul) on the EM-cleaned float glass (AS/TS),
hysteresis (a), and drop age (b)

Table 10: Evaluated DCA parameters of the EM-cleaned float glass surface with the test fluid diiodomethane

Adv. CA Rec.CA Dropage BD TB Hysteresis

DCA glass [°] [°] [s] [mm] [°] [°]
AS 1 58.9 27.5 62.20 4.01 271 31.4
2 58.7 28.4 61.29 395 262 30.3
3 58.7 26.9 62.70 4.04 271 31.8
4 58.1 27.9 59.90 4.01 256 30.1
5 58.1 27.7 61.60 4.01 263 30.4
TS 1 64.9 22.9 82.40 396 374 41.9
2 59.9 19.8 72.99 433 327 40.1
3 62.3 22.4 74.80 4.06 334 39.8
4 63.5 22.9 76.00 4.01 338 40.6
5 61.9 20.4 73.80 416 327 41.5

-10.0

-10,0
-15.0

-20.0
-232

-150

-17,7

10,14 ym, 0,78 ym): 0,70 nm (264 um, 0.09 m: -0,16 nen

a) b)
Figure 4: Atomic force microscopic measurement on the air and tin side after alkaline cleaning process
with R, roughness on the air side of 0.36 nm (a), and on the tin side 0.30 nm (b)
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(0,17 pm, 0,46 pm): 3,85 nm

a)

(5,27 um, 4,23 pm): 1,26 nm

b)

Figure 5: Atomic force microscopic measurement after alkaline cleaning process and afterwards following acetone
and ethanol ultrasonic bath with R, roughness on the air side of 0.41 nm (a), and on the tin side 0.58 nm (b)

The evaluated SEs of the AS (51.8 mJ/m?) and the TS
(52.1 mJ/m?) seem to be first not sensitive to different
surface properties of the EM-cleaned surfaces in com-
parison to the results of the DCA measurements.

4.2 Results of DCA measurements
on the PE foil surface

The DCA measurements on the non-polar PE foil
surface (WCA median: 101.8°) show, in contrast to
the EM-cleaned float glass surfaces with assumed
similar roughness, a low hysteresis (9.8° to 13.0°)
(Figures 6, 7a; Table 11).

The unsteady course of DCA measurements at the end
is caused by the unsteady position of the baseline dur-
ing the contour fitting process.

The evaluation of the diiodomethane drop age on the
PE foil surface is 28.9 s to 33.8 s (Figure 7b; Table 11),
which is much shorter than on the EM-cleaned float
glass surfaces. The DCA results of the hydrophilic float

glass surfaces and the hydrophobic PE foil surface con-
firm the suitability of using the DCA parameters hys-
teresis and drop age for indicating adhesion forces on
functionalized float glass surfaces.
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Figure 6: Dynamic contact angles on the PE foil surface
with the test fluid diiodomethane

Table 11: Evaluated DCA parameters of the PE foil surface with the test fluid diiodomethane

Adv.CA Rec.CA Dropage BD TB Hysteresis
DCA PE foil [°] [°] [s] [mm] [°] [°]
1 65.0 54.9 33.79 343 118 10.1
2 65.6 52.6 31.69 3.44 105 12.9
3 64.7 54.9 29.59 3.50 9.8 9.8
4 63.9 53.8 28.89 3.74 9.3 10.1
5 63.3 515 30.99 350 108 11.8
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Figure 7: Diiodomethane drop (4 ul) on the PE foil surface,
hysteresis (a), and drop age (b)

4.3 Results of DCA measurements of the M1
APTES-functionalized float glass surfaces
in vapour phase

The DCA measurements and evaluated parameters of
M1 APTES-functionalized float glass surfaces in the
vapour phase are exemplarily shown for the test fluid
diiodomethane and M1 (8 h) (Figure 8; Table 12). By
ordering the evaluated DCA parameters, hysteresis and
drop age, toincreasing WCA medians, and differentiating
between the AS and TS and the test fluids dilodometh-
ane and water, of the investigated EM-cleaned float
glass surfaces, M1 APTES-functionalized float glass sur-
faces, and the PE foil surface, partial inconsistencies in
hysteresis and drop age are visible (Figure 9). A plausi-
ble explanation is incomplete functionalization, which
leads to inhomogeneous surface properties. Despite
these inconsistencies, the comparison of the polar

80

o BaavT
" ORec 1
B2
— ORec2
60 - Bpgy_3
— Brec_3
50 4 Bauv4

" Brec 4

- Baq 5

— Brec S

Advancing- and Receding angle [°]
8
Il

0 -
R R I B R R R R RS S
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

tin frames

a)

and non-polar surfaces is acceptable. For the further
course, only the M1 (8 h) functionalization was taken
into account for the final evaluations in section 4.5.
Here, a completely functional surface can be expected.

4.4 Results of DCA measurements of the M2
APTES-functionalized float glass surfaces
in solution phase

The DCA measurements and evaluated parameters of
M2 APTES-functionalized float glass surfaces in the
solution phase are exemplarily shown for the test fluid
diiodomethane (Figures 10 to 12; Tables 13, 14). By
ordering the evaluated DCA parameters, hysteresis and
drop age, to increase WCA and differentiating between
the AS and TS and the test fluids diilodomethane and
water, of the investigated EM-cleaned float glass, M2
APTES-functionalized float glass, and the PE foil sur-
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Figure 8: Dynamic contact angles on M1 (8 h) APTES-functionalized float glass surface
with the test fluid diiodomethane, air side (a), and tin side (b)
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Figure 9: Diiodomethane drop (4 ul) on the M1 APTES-functionalized float glass surfaces
in vapour phase (AS/TS), hysteresis (a), and drop age (b)

Table 12: Evaluated DCA parameters of the M1 (8 h) APTES-functionalized float glass surfaces
with the test fluid diiodomethane

Adv.CA Rec.CA Dropage BD TB Hysteresis

DCAglass [°] [l [s] [mm] [°] [l
AS 1 44.7 23.3 40.09 410 154 214
2 47.1 25.2 41.60 410 158 219
3 45.1 24.1 40.60 418 15.2 209
4 46.8 26.3 43.70 4.00 17.2 20.6
5 44.7 24.6 42.39 4.09 164 20.2
TS 1 41.9 13.2 49.90 5.00 203 28.7
2 41.4 11.3 46.09 5.00 183 30.1
3 42.1 13.9 48.70 477 193 28.2
4 39.5 12.7 44.70 519 17.7 26.8
5 40.7 14.1 51.39 471  21.2 26.7
face, the data show consistency and are plausible in phase functionalization are taken into account for the
comparison of the polar and non-polar surfaces, too. final evaluations. A completely functional surface can

For the M2 (2 %) and M2 (8 %) variants of solution be expected.
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Figure 10: Dynamic contact angles on the M2 (2 %) APTES-functionalized float glass surface with the test fluid
diiodomethane, air side (a), and tin side (b)
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Figure 11: Dynamic contact angles on the M2 (8 %) APTES-functionalized float glass surface
with the test fluid diiodomethane, air side (a), and tin side (b)
[ air side [ air side
U2 tin side tin side
Y M2 (8%) 17.0-20.8 21.1-243 R M2 (8%) 39.2-417 45.6 - 54.4
g g
3 3
= =
M2 (2%) 12.6 - 18.4 M2 (2%) 4 30.4-379 46.2-49.3
— T T T T [ " T T [ T T T T [ T T L I B B B I I L L I L LRI I
0 10 20 30 40 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Hysteresis [°] Drop age [s]
a) b)

Figure 12: Diiodomethane drop (4 ul) on the M2 (8 %) APTES-functionalized
float glass surfaces (AS/TS), hysteresis (a), and drop age (b)

Table 13: Evaluated dynamic contact angle parameters
of the M2 (2 %) APTES-functionalized float glass surfaces
with the test fluid diiodomethane

Adv.CA Rec.CA Dropage BD TB Hysteresis

DCAglass [°] [°] [s] [mm] [°] []

AS 1 41.7 27.1 30.99 440 10.6 14.6
2 40.6 27.9 30.40 424 10.2 12.6
3 42.8 25.2 37.90 430 13.8 17.6
4 43.2 24.8 36.80 445 134 18.4
5 43.0 25.6 36.79 425 133 17.4

TS 1 44.9 15.5 49.30 4.68 199 29.4
2 43.3 14.2 47.60 493 189 29.1
3 42.3 18.2 46.19 4.60 18.0 26.1
4 42.9 18.6 46.20 465 181 24.3
5 45.1 15.9 48.30 484 194 29.1
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Table 14: Evaluated Evaluated dynamic contact angle parameters
of the M2 (8 %) APTES-functionalized

float glass surfaces with the

test fluid diiodomethane

Adv.CA Rec.CA Dropage BD TB Hysteresis
DCAglass [°] [l [s] [mm] [°] [l
AS 1 48.9 24.6 54.39 3.66 22.8 24.3
2 46.6 25.5 45.60 390 179 21.1
3 47.8 25.9 47.19 391 187 219
4 48.7 25.8 48.89 3.80 199 229
5 48.3 24.8 47.19 390 1838 23.5
TS 1 45.0 24.3 41.50 4.07 16.2 20.7
2 42.4 25.4 40.69 392 156 16.9
3 43.9 23.7 41.70 414 159 20.3
4 43.2 25.2 39.19 412 148 17.9
5 41.8 23.3 40.50 4.07 15.2 18.5

4.5 Results of DCA measurements under assumed
complete functionalization of float glass
surfaces

Tables 15 and 16 show the evaluated hysteresis and drop
age ranges of M1 (8 h), M2 (2 %) and M2 (8 %) APTES-
functionalized float glass surfaces. These variants are
assumed to be completely functionalized and are plau-

sible in comparison with the polar and non-polar sur-
faces by ordering the DCA parameters with an increase
of WCA median considering difference between the AS
and TS and the test fluids dilodomethane and water.

The results show consistency by using the test fluid
diiodomethane on the AS and the test fluid water on
the TS.

Table 15: Comparison of assumed saturated APTES functionalization methods ordered after hydrophobization grade
with the test fluid diiodomethane (AS)

Dynamic contact angle
Hydrophobic direction

measurements

Polar surface

Material/ EM-cleaned
Methods DCA: ~1.0°

SE: 51.83 mJ/m?
Parameter

Hysteresis [°] 30.1-31.8
Drop age [s] 59.90-62.70

Table 16: Comparison of assumed saturated APTES functiona

\ 4

Non-polar surface

PE
DCA:101.8°
SE: 45.35 m]/m?

9.8-12.9
28.89-33.79

lization methods ordered after hydrophobization grade

with the test fluid water (TS)

Dynamic contact angle
Hydrophobic direction

measurements

Polar surface

Material/ EM-cleaned
Methods WCA: ~1.0°

SE: 52.12 mJ/m?
Parameter

Hysteresis [°] <10
Drop age [s]

\

Non-polar surface

PE
WCA: 101.8°
SE: 45.35 mJ/m?

<10




S. Patejdl, U. Jung, C. Knoth and P. Gérrn - . Print Media Technol. Res. - Vol. 12 No. 4 (2023), 177-196 191

5. Conclusion

The dynamic contact angle measurement can be used
as an indicator for adhesion forces on different APTES-
functionalized float glass surfaces with different wet-
ting properties.

The EM-cleaned hydrophilic polar float glass sur-
faces (WCA median: = 1°) showed on the tin side a
higher hysteresis between 39.8° and 42.0° than on
the air side with a hysteresis between 30.1° and 31.8°
of diiodomethane drop. The tin side also showed a
higher drop age between 72.9 s and 82.4 s than the air
side with a drop age between 59.9 s and 62.7 s. Despite
very similar surface energies of 51.8 mJ/m? and 52.1
m]/m? the hysteresis and the drop age are parameters
that showed clear tendencies for the EM-cleaned float
glass surfaces. Both parameters indicated an increase
in adhesion forces on the tin side of the float glass. AFM
measurements showed a higher surface roughness on
the tin side in comparison with the air side after the
additional cleaning step with acetone and ethanol
ultrasonic cleaning bath and explain the higher hyster-
esis and drop age on the tin side.

In contrast, the hydrophobic non-polar smooth PE
foil surface (WCA median: 101.8°) showed a small hys-
teresis between 9.7° and 12.9° with a short drop age
between 28.8 s and 33.7 s of dilodomethane drop in
correlation with a low surface energy of 30.9 mJ/m?

The DCA results of the hydrophilic float glass surfaces
and the hydrophobic PE foil surface confirmed the
suitability of using the DCA parameters hysteresis and
drop age for indicating adhesion forces on functional-
ized float glass surfaces.

The float glass surfaces APTES-functionalized in
the vapour phase were investigated with static and
dynamic contact angle measurements with test fluids
diiodomethane and water. The vapour-functionalized
float glass surfaces clearly showed the two-sidedness
of float glass. On the air side, the WCA median was
between 35.7° and 41.1° and on the tin side, the WCA
median was between 22.2° and 37.1°. These results
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Appendix: Overview of static and dynamic- contact angle results of test fluids diiodomethane and
water, and surface energies (Tables Al to A5).

Table A1: SCA, SE (with disperse (y%,), and polar (y*) components) and DCA results
on the AS of float glass with the test fluid diiodomethane

Methods Static contact angle measurements (2pl) [°] Surface energy Dynamic contact angle measurements

[m]/m?] (diiodomethane)
Water Diiodomethane Benzyl alc. Glycerol Hysteresis [°] Drop age [s]

EM 1.0 45.2 289 18.9 51.83 30.09-31.76 59.90-62.70
Y% 30.36
yPe 21.47

M1(2h) 411 353 14.7 36.6 54.92 18.50-22.62 42.90-47.90
y%: 30.78
Vs 24.14

M1 (4h) 357 39.7 18.5 32.7 56.36 23.01-26.97 49.79-54.49
V' 28.34
Y. 28.02

M1(8h) 378 37.5 14.9 39.3 55.21 20.16-21.92 40.09-43.70
Y4 2893
Vs 26.28

M2 (2 %) 50.3 40.7 11.5 44.0 49.81 12.56-18.40 30.40-37.90
Y% 31.05
Vo 18.77

M2 (8 %) 36.5 31.5 2.0 339 62.18 21.12-24.26 45.60-54.39
Y% 38.94
Vs 23.25

Table A2: SCA, SE (with disperse (v%,), and polar (y*;) components) and DCA results
on the TS of float glass with the test fluid diiodomethane

Methods Static contact angle measurements (2pl) [°] Surface energy Dynamic contact angle measurements

[m]/m?] (diiodomethane)
Water Diiodomethane Benzyl alc. Glycerol Hysteresis [°] Drop age [s]

EM 1.0 42.1 22.1 20.8 52.12 39.84-41.99 72.99-82.40
y%: 30.30
yPs: 19.82

M1(2h) 231 36.5 15.0 31.3 60.92 17.96-22.54 37.89-41.30
Vi 27.74
Y’ 33.18

M1(4h) 371 37.2 15.8 39.3 55.62 23.19-28.15 46.20-54.20
V' 28.87
YPs 26.75

M1(8h) 222 36.1 10.3 39.4 59.89 26.66-30.09 44.70-51.39
Vi 27.23
Vs 32.65

M2 (2 %) 47.5 419 12.0 50.9 49.53 24.32-29.43 46.19-49.30
Y% 29.19
Y’ 20.35

M2 (8 %) 349 33.1 2.0 334 62.29 16.95-20.73 39.19-41.70
v 37.83

Vo 24.46
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Table A3: SCA, SE (with disperse (y%,), and polar (y*,) components) and DCA results
on PE foil surface with the test fluid diiodomethane

Methods Static contact angle measurements (2pl) [°] Surface energy Dynamic contact angle measurements
[m]/m?] (diiodomethane)
Water Diiodomethane Benzyl alc. Glycerol Hysteresis [°] Drop age [s]
PE foil 101.2 56.2 45.6 88.9 30.92 9.75-12.98 28.89-33.79
y4: 30.80
yPe: 0.12

Table A4: SCA, SE (with disperse (y“,), and polar (y*;) components) and DCA results
on the AS of float glass with the test fluid water

Methods Static contact angle measurements (2pl) [°] Surface energy Dynamic contact angle measurements

[m]/m?] (water)
Water Diiodomethane Benzyl alc. Glycerol Hysteresis [°] Drop age [s]

EM 1.0 45.2 28.9 18.9 51.83 <10 Not detectable
v%: 30.36
yPe 21.47

M1(2h) 411 35.3 14.7 36.6 54.92 18.20-24.08 51.39-53.69
y%: 30.78
Vs 24.14

M1(4h) 357 39.7 18.5 32.7 56.36 25.08-33.66 79.99-97.49
V' 28.34
Y 28.02

M1(8h) 378 37.5 14.9 39.3 55.21 21.88-27.54 61.00-75.40
Y4 2893
Vst 26.28

M2 (2 %) 50.3 40.7 11.5 44.0 49.81 33.31-37.41 93.99-110.19
Y% 31.05
Y 18.77

M2 (8 %) 36.5 31.5 2.0 33.9 62.18 24.23-29.31 62.19-73.49
Y% 38.94

Py 23.25
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Table A5: SCA, SE (with disperse (y%,), and polar (y*,) components) and DCA results
on the TS of float glass with the test fluid water

Methods Static contact angle measurements (2pl) [°] Surface energy Dynamic contact angle measurements

[m]/m?] (water)
Water Diiodomethane Benzyl alc. Glycerol Hysteresis [°] Drop age [s]

EM 1.0 42.1 22.1 20.8 52.12 <10 Not detectable
y4:30.30
yPs: 19.82

M1(2h) 231 36.5 15.0 31.3 60.92 <10 Not detectable
v 27.74
¥’ 33.18

M1(4h) 371 37.2 15.8 39.3 55.62 32.62-38.14 90.30-102.29
v 28.87
VP 26.75

M1(8h) 222 36.1 10.3 39.4 59.89 21.57-30.09 63.19-77.69
y4: 27.23
Y2 32.65

M2 (2 %) 47.5 41.9 12.0 50.9 49.53 39.19-43.15 114.89-130.39
v 29.19
yPs: 20.35

M2 (8 %) 34.9 33.1 2.0 33.4 62.29 27.01-32.82 75.49-85.69
y4: 37.83

Yoy 24.46




