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Wetting properties

Phosphonium based ILs

ABSTRACT: This paper studies the wetting properties of
seven phosphonium cation-based ionic liquids: trihexyltetra-
decylphosphonium bis(2,4,4-trimethylpentyl) phosphinate
[Pges14][(IC8),PO,], trihexyltetradecylphosphonium bis(2-
ethylhexyl)phosphate [Pe64][BEHP], trihexyltetradecylphos-
phonium  bis(trifluoromethylsulfonyl) imide [Pg4][NTE,],
tributyltetradecylphosphonium dodecylbenzenesulfonate
[P44414][DBS], tributylethylphosphonium diethylphosphate
[P,44,][DEP], trihexyltetradecylphosphonium dicyanamide
[Pgss14) [DCA], and trihexyltetradecylphosphonium chloride
[Pges14][Cl]. The surface tension was analyzed using the Gibbs
free energy in a temperature range of 293—353 K, obtaining
the expected linear decrease with temperature rise. The contact angle was measured on four different surfaces (AISI 52100 steel,
CrN, TiN, and ZrN) and all liquids with high surface tensions interacting with hydrophobic systems displayed high contact
angles as expected. The polarity fraction (PF) and the spreading parameter (SP) were estimated to complete and improve the
wetting characterization of these ionic liquids, finding TiN-[Pg;,][BEHP] and TiN-[Pgq14][(1C8),PO,] as the most favorable
surface-ionic liquid combinations from a wetting point of view.

Spreading parameter

Polarity fraction

;‘\4 | |
Lo 8
i i
i :
Steel, TiN, CrN, ZrN | |

1. INTRODUCTION

Ionic liquids (ILs) are attracting recent research interest as
potential candidates for discovering clean technologies' ™ due
to their unique properties such as low melting temperature,
nonflammable behavior, high thermal stability, near-zero vapor
pressure, wide electrochemical window, large liquid range, high
ionic conductivity, and a highly adjustable solvating capacity for
both polar and nonpolar compounds. Evaluating the
physicochemical properties of these molten salts is essential
to guarantee the use of such compounds in a broad range of
applications.””” An accurate design of industrial processes
based on ILs can only be achieved when their physicochemical
properties are well-known. Therefore, it is important to
measure these properties in order to improve their character-
ization, not only for designing but also for developing
correlations either between these properties or with perform-
ance parameters.”

One of the main advantages of working with ILs is the
possibility of easily adapting their properties with small
variations in the chemical composition, thus having a huge
potential for engineering applications.” This fact may be used as
a tool for self-tuning the ILs with multiple and useful
application possibilities by changing physicochemical proper-
ties, such as density, melting point, viscosity, conductivity, or
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surface tension.” For instance, water miscibility of ILs is usually
controlled by the anion, although the cation can also affect the
hydrophobicity of the substance. Moreover, increasing either
the size of the anion or the alkyl side chains of the cation leads
to a decrease in polarity due to the spreading of negative
charge.'” Therefore, a study of the relationship between
structure and physicochemical properties could enable design-
ing ILs with tailored capabilities."

From the lubrication point of view, understanding the
tendency of a liquid to spread on a solid surface is a very
important factor affecting the performance of the lubri-
cant."'™"® Furthermore, thin hard physical vapor-deposited
(PVD) coatings are also frequently used in a number of
engineering applications.'”~*° Measuring surface tension and
contact angle are a good way to evaluate wetting ability.”' The
surface tension (eq 1) can be divided as a sum of independent
contributions named dispersive (d) and nondispersive (nd),
with only dispersive interactions (determined using the
geometric mean rule) occurring across the interface.”” There-
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fore, the work of adhesion (Wy_ ) as depicted in eqs 2 and 3 can
relate these dispersive interactions with the solid—liquid
interfacial tension (yg), linked with the contact angle ()
through the Young equation (eq 4), as shown in Figure 1,
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Figure 1. Relationship between surface tensions and contact angle (6).

where total surface energy (ysy) and interfacial tension liquid—
vapor (y.y) are usually expressed as yg and 7, respectively.

y=7"+ (1)
d d

Wo =2/ (r51) @)

Yoo =%t 1, — Wa 3)

Yo =¥ — ¥, cos O 4)

In order to obtain a unique contact angle for each three-
phase system using this equation, it was assumed that the
surface is homogeneous and flat so the surface tension of the
interfaces remains constant.” Merging the above eqs (eqs 1—4),
it is possible to correlate the most important wetting properties:
contact angle and surface tension. This eq (eq S) is valid when
both phases are nonpolar and may be a good estimate when at
least one of them is nonpolar.

d d
¥-(1+ cos ) = 24y (s)

In addition to the contact angle and the surface tension,
wettability can also be evaluated using the spreading parameter
(SP),">"%?%?3 which represents the difference between the
work of adhesion defined in eq 2 and the work of cohesion
(W) within the liquid (eqs 6—7), defined as the work per unit
area required to isothermally split a homogeneous liquid.”

SP =Wy, — Wc (6)

?)

From eqs 4 and S, a new eq (eq 8) that enables estimating the
spreading properties using data from both liquid and surface
was derived by Kalin and Polajnar.'>"**°

d d nd_nd
SP=2\rn +2Jrrn -2

We =2y

(8)

The study of wetting properties for ILs (with the exception
of imidazolium cation-based ILs) has been poorly inves-
tigated,"*” ' %?»**7*% even though the value of understanding
and controlling wetting has become a key factor in many
engineering applications, including lubrication. Due to its
growing commercial availability and its good performance as a
lubricant additive,*’ ™" wetting properties such as contact
angle, surface tension, SP, and PF of seven commercially
available phosphonium cation-based ILs—[Pgs;4][BEHP],
[Pes614] [(1C8),PO, ], [Pege14][NTE], [Pyyq1o][DBS], [Pygsr]-
[DEP], [Pgse14)[DCA], and [Pgee14][Cl]—used as supplied
were measured or estimated in order to ensure their feasibility
in the field of lubrication.

2. EXPERIMENTAL DETAILS

2.1. ILs. In order to carry out this study, all ILs were selected
from an available family of these substances, recently and
widely used in a number of applications such as extraction
solvents, chemical synthesis, electrolytes, corrosion protection
and tribology.” [Pgs14][(1C8),PO,], [Pese14] (BEHP], [Pege14]-
[NTE], [Pys414] [DBS], [Pysso][DEP] and [Pggs14][DCA] were
provided by Ionic Liquid Technologies GmbH (Io-Li-Tec). In
addition, [Pggs14][DCA] was provided by Sigma-Aldrich. Table
1 shows the chemical description of the ILs and Figure 2
depicts their chemical structure.

A Stabinger SVM3000 rotational Couette viscometer was
used to measure viscosity and density (vibrating tube density
meter incorporated) according to ASTM D7042 at atmospheric
pressure from 10 to 100 °C. The viscosity index (VI) was also
automatically calculated” by the software according to ASTM
D2270-04. Experimental density results were quite consistent
with those found in the literature. On the other hand,
experimental viscosity results showed some differences with
values reported in the literature (especially for [P,,,][DEP]
and [Pgee14] [DCAY)), likely related to variations in purity values
of the samples tested (Table 2).

2.2. Wetting Properties. In order to carry out a proper
thermophysical characterization, several properties related to
the wettability of the studied ILs were analyzed. Surface tension
of the ILs was measured following Du Noiiy’s platinum ring
method® using a KSV Sigma 700 tensiometer (KSV Instru-
ments Ltd., Finland) in the temperature range 20—80 °C. The
reported values were the average of at least 10 different
measurements at each temperature and the standard deviations
were less than 0.04 mJ/m” degrees in each case.

According to the methodology described by Tadros et al,*
contact angles of the ILs were calculated using sessile drops
with a KSV CAM 200 goniometer equipped with a micrometer
syringe. The drop expanded during the room temperature
experiments in order to allow for measurement of dynamic

Table 1. Chemical Description of ILs Used in This Work

purity molecular

IUPAC name acronym CAS no. (%) weight empirical formula

Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl) [Pges14) [(iC8),PO,]  465527-59-7 95 77327 C,sH,0,0,P,
phosphinate

Trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate [Pggs14] [(BEHP] 1092655-30-5 98 805.29 C,sH10,0,4P,
Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl) imide [Pges14] [INTH, ] 460092-03-9 98 764.01 C3,HgFNO,PS,
Tributyltetradecylphosphonium dodecylbenzenesulfonate [P,4414][DBS] 95 725.18 C,HgsO5PS
Tributylethylphosphonium Diethylphosphate [P, ][DEP] 20445-94-7 95 384.47 CsH,O4P,
Trihexyltetradecylphosphonium dicyanamide [Pgss14] [DCA] 701921-71-3 95 55091 C3,HgoPN,
Trihexyltetradecylphosphonium chloride [Pees14)[C1] 258864-54-9 95 519.31 Cy,HPCl
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Figure 2. Chemical structure of the ionic liquids.

[Psss14] [BEHP]

_/—\\/i et

—/ Ofs\ F

P 750
(\/\/\/ 1 K9

A U

[Pegs14][INTH,]

R W
O

o

[P4442][DEP]

s
SO0

[P66614] [Cl]

Table 2. Comparison between Density and Viscosity Experimental Values (exp.) of the ILs versus Values (ref) Found in the

25,33,44,51,53,54

Literature
ionic liquids
density viscosity
p (g/em®)/20 °C v (mPas)/25 °C v (mPa-s)/40 °C v (mPa-s)/100 °C
short name exp. ref exp. ref exp. ref exp. ref VI
i .8867 .8877° 3 462. 7.95% 46. 42.79% 1

Pess14][(1C8),PO, 0.886 0.8877° 1064 1058%* 62.5 447.95% 6.2 2.79% 69
[Pgss14] [BEHP] 0.9116 0.91°! 1050 1031°! 474.3 418.4°" 50.8 492" 181
[Pgssia] INTH ] 1.0711 1.070** 295.9 336.74* 130.4 151.85* 16.4 140
[P,414][DBS] 0.9554 0.9384*° 212 1278 56.5 98
[P,44] [DEP] 1.0112 1.014% 454.8 316.8% 171.4 124.7% 14.2 83
[Pges14] [DCA] 0.9010 0.8989°* 284.4 418.33%* 131.6 15.1 117
[Pessral[C1] 0.8921 0.8826° 1875.9 631.3 38.1 97

4

advancing contact angles (6,), recorded from digital images
taken at a fixed time interval (first 8 images were taken every
half second and the following 30 every 6 s). The advancing
contact angle was measured on both sides of the drop, and this
methodology is usually performed to characterize solid surfaces.
The reference plane that contains the three-phase line (Figure
1) is located at the interphase, so the contact angle @ is
calculated as an optimization parameter, using a Laplacian curve
to fit the drop image from the contact point to a certain height
of the drop.”” The substrates used for these tests were: AISI
52100 steel discs (machined from annealed rod) with a
hardness of 190—210 HV,, and a surface finish (Ra) of 0.0489
pm and 3 alloy nitride coatings (TiN, CrN, ZrN) obtained by
physical vapor deposition (PVD) on the same steel discs.
Surface finish (Ra) was measured after the deposition process
reached the following values: 0.0477 pum for TiN, 0.0474 pm
for CrN, and 0.0487 um for ZrN. All substrates used were
cleaned before the wetting tests with acetone in an ultrasonic

bath for 2 min and dried with air. The reported contact angles
were the average of at least ten different points when the steady
state was reached and the standard deviations were less than 0.7
degrees in each case.

2.3. Error Analysis. All experimental equipment used in
this research was calibrated before carrying out each
experimental series. After the tests, no appreciable deviation
compared to standard substances was found; therefore, the
inherent error was negligible. Moreover, all experimental data
reported were the result of several runs in the same
experimental conditions, adding the uncertainty as standard
deviation to the average value and thus quantifying the
magnitude of random error.

The propagation of individual uncertainties associated with
the measured variables (throughout the different equations
used) was determined from the law of propagation of
uncertainty, with the general equation shown in eq 9. The
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Table 3. Experimental Surface Tension Data for Pure Ionic Liquids

[Pess14] [(IC8),PO,]

[Pgss14] [BEHP]

[Pess14] [NTH,]

T + ¢ (°C) 7 + ¢ (mJ/m?)
21.10S + 0.060 28.289 + 0.006
29916 + 0.114 27.34S + 0.028
40.012 + 0.096 26.553 + 0.009
48.557 + 0.342 25.879 + 0.017
60.426 + 0.600 24.933 + 0.067
69.983 + 0.591 24.226 + 0.068
78.734 + 0.130 23.619 + 0.015
81.562 + 0.090 23.378 + 0.012

[P44414][DBS]

T + 6 (°C)
20.431 + 0.064
30.978 + 0.518
40.302 + 0.419
50.209 + 0.261
59.451 + 0.163
70.244 + 0.617
79.047 + 0.357
81.017 £ 0.042

[Py, ][DEP]

T + ¢ (°C)
21.181 + 0.128
30.799 + 0.266
39.698 + 0.049
50.363 + 0.337
59.631 + 0.115
69.265 + 0.150
78.531 + 0.044 25.147 + 0.011
78.887 + 0.036 25.143 + 0.014

[Pess14] [DCA]

v % o (m]/m”)
29.327 + 0.009
28.607 + 0.013
27.969 + 0.029
27.154 + 0.026
26486 + 0.022
25.798 + 0.018

v + o (m]/m”)
27.525 = 0.007
27.021 + 0.015
26.353 + 0.018
25.640 + 0.036
24.945 + 0.016
24.109 + 0.047
23.530 + 0.014
23.355 = 0.013

T + ¢ (°C)
20.672 + 0.152
30.726 + 0.042
40.105 + 0.390
50.989 + 0.775
59.531 + 0.299
69.319 + 0.265
78.249 + 0.256
81.693 + 0.069

T + o (°C)
21.239 + 0.069
31.082 + 0.497
39.867 + 0.122
49.979 + 0.133
§9.729 + 0.095
69.582 + 0.421
78.819 + 0.404
81.711 + 0.088

¥y + o (mJ/m?)
29.834 + 0.015
29274 + 0030
28.590 + 0.025
28.002 + 0.045
27498 + 0.025
26.890 + 0.019
26308 + 0.035
26.091 + 0.012

T + ¢ (°C)
20.535 + 0.195
29.939 + 0.277
39.410 + 0.229
49.463 + 0.153
59.067 + 0.179
69.448 + 0.209
78.014 + 0.569
79.099 + 0.043

¥ = o (mJ/m?)
31.720 + 0.019
31.074 + 0.030
30.388 + 0.022
29.657 + 0.013
28.950 + 0.028
28202 + 0.027
27.175 + 0.053
26.938 + 0.095

¥ + o (mJ/m?)
29.433 + 0.006
28471 + 0.069
27.863 + 0.021
27.261 + 0.026
26.712 + 0.026
26020 + 0.042
25389 + 0.024
25171 + 0.017

[Pess14] [Cl]

T + ¢ (°C)
19.941 + 0.190
30.750 + 0.267
40.443 + 0.274
49.355 + 0.105
59.625 + 0.088
69.388 + 0.339
78.150 + 0.215
81.296 + 0.067

¥ + o (mJ/m?)
30.122 + 0.034
29.599 + 0.043
28.783 + 0.043
28.072 + 0.026
27426 + 0.029
26.650 + 0.034
25.818 + 0.034
25408 + 0.013

obtained values were associated with each considered
parameter and are reported in Tables 7 and 8.

N 2 N-1 N
Jf o of
o(y) = Z I o?(x) +2 z z P OV,
i=1 i i=1 j=i+1 i)

©)

3. RESULTS AND DISCUSSION

3.1. Surface Tension. Surface tension (y) is a measure of
the free energy of a minimum surface area at a boundary layer
that separates liquid and vapor phases. Surface tensions of neat
phosponium-based ILs are presented in Table 3, adding the
standard deviation (6) from at least 10 measurements in each
case to the surface tension (y) and temperature (T) average
values.

The basic thermodynamic relationship applied to the surface
ofa homozgeneous liquid was analyzed using Gibbs free energy
definition,” showing the surface tension linearly decreasing
with temperature rise (eq 10).

y=a—bT (10)

The measured surface tensions (Table 4) were fitted to eq 10
where the y-intercept “a” can be read as the surface excess
energy (Eg), and the slope “b” can be associated with the
surface excess entropy (Ss).'* In general, the surface tensions of
the ILs were much smaller than water and higher than those of

most volatile organic solvents.> With regard to the structure-

Table 4. Surface Tension of the Ionic Liquids

Es (mJ/ Ss
ionic liquids m? (mJ/m*K) eq(y=a— bT) R?

[Pecis] 29.788 0.0792 29.788 — 09974
[(iC8),P0,] 0.0792T

[Pesera][BEHP]  29.126 0.0707 29.126 — 09972
0.0707T

[Peeers] [NTE] 30.846 0.0727 30.846 — 0.9997
0.0727T

[P4u41] [DBS] 31.108 0.0612 31108 — 0.9991
0.0612T

[P,.s,] [DEP] 30.681 0.0674 30.681 — 0.9952
0.0674T

[Pesis] [DCA] 33452 0.0784 33452 — 0.9912
0.0784T

[Pessis][C1] 31.805 0.0754 31.805 — 09939
0.0757T

surface tension relationship, variations in surface tension with
ion size changes were observed.

A decrease in the size of the anion led to an increase in
surface tension, explaining the high values shown by
[Pessi4] [DCA] and [Pgee14][Cl] given the small size of their
anion.” Similarly, [Pges14][(iC8),PO,] and [Pegs14][BEHP]
displayed the lowest values for surface tension according to
their high cation and anion alkyl chain length. This fact can be
explained by the dispersion of the charge'® on a large-sized
cation like [Pggq;4]- In addition, the two ILs with smaller cations
([P44s] [DEP] and [P,44.4][DBS]) exhibited intermediate
values. Figure 3 plots the surface tension values of the
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phosphonium ILs studied versus the temperature, using all data
available from the experimental measurements.
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Figure 3. Temperature-dependent surface tensions of phosphonium-
based ionic liquids.

3.2. Contact Angle. Figure 4 shows the evolution of the
contact angle during 28 different dynamic sessile drop tests (7
ILs on 4 substrates). In order to measure advancing contact
angles, the drop formed was grown for about 180 s to ensure
that the steady state was reached. Analysis of the contact angle
evolution of seven ILs on all surfaces studied showed that
[Pess14] INTE,], [Pyss,][DEP] and [Pggs14][DCA] reached the
steady state sooner than the others.

From a surface point of view (Table S), high surface energy
values are favorable for wetting a surface. Moreover, surfaces
become more hydrophilic with increasing polar components,
i.e., the contact angle of all ILs on TiN (Figure 4b) is expected
to be low due to hlgh total and polar component values,
provoking better wetting.”” Although similar behavior would be
expected for steel (Figure 4a) due to its high polar component,
the low value of the total energy negatively affects wettability.
In the case of CrN surface (Figure 4c), higher values of contact
angle in comparison with the other substrates were observed
for liquids [Pgge14][(iC8),PO,] and [Pygq14] [BEHP]. This fact
occurs because both low values of polar and total components
adversely affect wettability. Finally, it is possible to explain the
similar trend of contact angle behavior on ZrN and steel
surfaces (Figure 4d,a, respectively) because of their surface
energy intermediate behavior.

With the aim of complementing the results shown in Figure
4, Table 6 shows the average steady state contact angle and the
standard deviations for the ILs studied on the four surfaces
(AISI 52100 steel, TiN, CrN, and ZrN).

Analyzing the obtained results for the most hydrophobic
surface used in this work (ZrN), [Pgeg4][(1C8),PO,] and
[Pgss14) [BEHP] showed the lowest contact angle values
whereas [P,4,][DEP] and [Pgg4][DCA] had the highest
ones. In addition, [Pgee14] [NTE,], [Ps4414][DBS] and
[Pges14][Cl] had intermediate contact angles. However,
comparing these values with those reported in the literature
is not possible due to the absence of data on the same surfaces.
Changes in drop volume, type of needle, measurmg software,
analysis lab, etc, can affect the results obtained.”” Since all
surfaces are characterized by time-dependent contact angles,
this property does not contain enough information about the
solid—liquid interaction resulting in the inability to define the
wetting properties.'> Therefore, additional parameters are

90
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Figure 4. Evolution of the advancing contact angle of the ionic liquids
on four different surfaces: (a) Steel, (b) TiN, (c) CrN, and (d) ZrN.

Table 5. Surface Energy Found in the Literature®”>® for All
Substrates Used at 293 K

Surfaces ¥s (mJ/m?) 78 (mJ/m?) 724 (mJ/m?)
AISI 52100 steel 43.4 312 12.2
ZrN 522 48.1 4.1
CrN 44.5 39.1 54
TiN 63.2 50.2 13

recommended in order to improve the understanding and
explanation of wettability.

3.3. Polarity Fraction and SP. From a lubrication point of
view, the use of ILs as an additive to base oils is limited by their
solubility. Therefore, the estimation of polarity related
parameters of the ILs, like polarity fraction, can be useful in

DOI: 10.1021/acs.iecr.6b00821
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Table 6. Steady State Values of Contact Angles for the Ionic Liquids

steel TiN CrN ZN
short name 0 + o (deg) 0 + o (deg) 0 + o (deg) 0 + o (deg)
[P66614J [(iC8)2POZ} §.177 £ 0.219 5.787 + 0.237 13.946 + 0.076 5.536 + 0.256
[P66614] [BEHP] 4.113 + 0.243 6.701 + 0.626 9.982 + 0.307 4.362 + 0.286
[P66614} [NT£,] 18.158 + 0.121 12.957 + 0.224 17.417 + 0.064 17.460 + 0.089
[P,4414][DBS] 18.345 + 0.223 20.350 + 0.134 19.409 + 0.399 17.742 + 0.129
[P4442] [DEP] 27.850 + 0.124 5.328 + 0.220 8.314 + 0.376 28.740 + 0.060
[P66614] [DCA] 19.390 + 0.120 19.589 + 0.027 29.096 + 0.249 22.689 + 0.061
[Pessis][C1] 5299 + 0276 5.848 + 0357 16.182 + 0.107 17.510 + 0.170

Table 7. Polarity of the Ionic Liquids at 293 K

ZrN

[Pess14][(1C8),PO, ]

[Pess14] [BEHP]

13.737 = 0.740
13.843 + 0.632

10.231 + 0.689
10.490 + 0.588

[Pess14] (NTH,] 12.829 + 0.829 9.284 + 0.771
[P,4414][DBS] 12.725 + 1.244 9.082 + 1.159
[P,4,][DEP] 11.294 + 0.891 8.061 + 0.825
[Pgss14][DCA] 11.800 + 0.796 7.903 + 0.744
[Pgssral [C1] 12.704 + 1.638 8.995 + 1.528

12.807 + 0.701
13.239 + 0.595
11.957 + 0.784
11.644 + 1.182
11.360 + 0.826
10.265 + 0.765
11.474 + 1.563

ionic liquids 7, = o (mJ/m?) 7 + 6 (mJ/m?) 74 + 6¢ (mJ/m?) PF + o¢
[P66614][(1C8)2P02J 28.289 + 0.006 16.560 + 0.410 11.729 + 0.410 0.41S + 0.014
[Pgg614] [(BEHP] 27.525 + 0.007 15.705 + 0.342 11.820 + 0.342 0.429 + 0.012
[Pges14] [NTH, ] 29.327 + 0.009 17.067 + 0.467 12.260 + 0.467 0.418 + 0.016
[P4414][DBS] 29.834 + 0.015 17.635 + 0.710 12.199 + 0.710 0.409 + 0.024
[P,.s»] [DEP] 29.433 + 0.006 15.860 + 0.488 13.573 + 0.488 0461 + 0.017
[Pgss14][DCA] 31.720 + 0.019 19.331 + 0.474 12.389 + 0.474 0.391 £ 0.015
[Pgss14l[Cl] 30.122 + 0.034 18.000 + 0.943 12.122 + 0.943 0.402 + 0.031

Table 8. Spreading Parameter Uncertainty
ZrN CrN steel TiN
ionic liquids SP + o¢ SP + o¢ SP + o¢ SP + o¢

25.783 + 0.834
25.899 + 0.709
25.136 + 0.934
25.025 + 1.40S
24.134 + 0.990
24.244 + 0.905
24.982 + 1.855

order to predict the solubility of ILs in base oils. In order to
obtain this parameter, both components of the surface tension
(polar and dispersive) were calculated. The dispersive
component of the surface tension (y{) was obtained from
data of the seven ILs measured on the ZrN surface (Table 5).
The negligible polar (2%) component of the surface energy
allows for using eq 5 or OWRK® (Owens—Wendt—Rabel—
Kaelble) method. The polar or nondispersive component of
surface tension was determined using the Fowkes”* method (eq
1). The polarity fraction (PF) is defined as the ratio between
the nondispersive or polar component (y2¢) and the total
surface tension (y;). Table 7 summarizes the results obtained
applying eq 1 and eq S for the ILs used in this study, while
using eq 9 to obtain the combined uncertainty associated with
each one of these calculated parameters.

As expected, ILs with large cation and anion alkyl chains
([Pggs14][(iC8),PO,] and [Pgs14][BEHP]) had the lowest
nondispersive component for surface tension. In addition, the
polarity fraction seemed to be more affected by the cation type
according to the highest value obtained for [P,.,][DEP],
whereas the others containing similar cations showed closer PF
values. This trend may be associated with the length of both
cation and anion alkyl chains, which is inversely proportional to
the nondispersive (polar) component of surface tension.

These results explain the behavior of [Pgee14] [NTHE,],
[Py ] [DEP] and [Pgee4][DCA] seen in Figure 4. These
three ILs reached the steady state earlier than the other

lubricants due to the higher obtained polar components for
surface tension (y}9). Although the polarity fractions were
between 0.39 and 0.46, when compared with values for
traditional polar liquids like water (0.70) and glycerol (0.47),
the ILs used in this work can be considered as moderately
polar."” Due to the similarity in the polarity fraction values, no
conclusions can be made about the solubility of these ILs in
base oils.

The nature of spreading is manifested in two completely
opposite behaviors: spreading-wetting (time dependent contact
angle and positive SP) or adhesion-wetting (constant contact
angle, negative SP, no cases in this study). A negative value for
the SP means that cohesion work between molecules within the
ILs is greater than on the solid—liquid interface.'”'**’
Therefore, lower values of SP indicate that a liquid will spread
less easily over the surface. However, it is true that a time-
dependent contact angle has a positive SP, which occurred in all
28 IL-substrate combinations studied in this work (Table 8 and
Figure S), making the TiN surface much better than the others
from a wetting point of view.

Analyzing the results obtained, it is possible to discern a
trend for all surfaces studied: [Pgg14][(iC8),PO,] and
[Pgss14] [BEHP] had the highest values, thus having the best
wettability on hydrophobic surfaces. Furthermore, the differ-
ences between ILs were more noticeable in the most
hydrophobic surfaces (CrN and ZrN), thus making a
comparison more difficult for the less hydrophobic one
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Figure S. Spreading parameter of the ionic liquids.

(TiN) because the values were very close and the error was in
the same magnitude order as the differences between SP values.

The wetting parameters studied above are very important
whenever a solid—liquid interface is present, which usually
occurs in different applications.'”” Although this scenario is
not usually encountered in tribology, the study of wetting could
be useful in order to properly design tribological contacts."’
The tribological behavior of the same phosphonium-based ILs
has been tested in a previous work.” [P,,,,][DEP] presented
the worst wetting properties on the steel surface (contact angle
around 28°, Eg = 31.11 mJ/m? SP = 11.4 and 0.46 of polarity
fraction), but the reactivity of the phosphate anion provided
better friction reduction for this IL (CoF = 0.06) in comparison
with the other four ILs (CoF > 0.07). Despite the fact that no
critical relationship between wetting behavior and tribological
performance with these specific ILs was found after making the
comparison, wettability is desired (SP > 0) in order to achieve
proper lubrication.

4. CONCLUSIONS

From the study of the wetting properties of seven
phosphonium-based ILs—[Pg4614][(iC8),PO,], [Pgosial-
[BEHP], [Pgss14][NTE], [Pyssrs][DBS], [Py4s2][DEP],
[Pgss14][DCA] and [Pgg14][Cl]—on four different surfaces
(AISI 52100 steel and three PVD coatings CrN, TiN, and ZrN)
some conclusions can be drawn:

(1) [Pess14][DCA], [Pysy14][DBS], and [Pggs14][Cl] showed
higher surface tension values while [Pgg4,4][(iC8),PO,]
and [Pg614] [BEHP] exhibited lower ones. The difference
between the lowest and the highest values was about
13%. Increasing alkyl chain length and anion size causes a
dispersion of the charge and the surface tension values
should decrease.

(2) Steel and ZrN surfaces exhibited the expected trend on
hydrophobic surfaces: ILs with the lowest surface
tensions led to the lowest contact angles. In addition, a
drop of contact angle values around 85% between
[P,u4,][DEP] and [Pyg,4] [BEHP] was achieved on the
two surfaces mentioned above.

(3) PF behavior of all ILs studied were in a 15% narrow
range (0.39—0.46) between [Pg464][DCA] and
[P,442][DEP]. Although these values were much lower
than the value for water (0.7), these phosphonium-based
ILs can be considered as moderately polar.

(4) The SP values of all ILs on TiN surface were two times
higher than the values obtained for steel and ZrN ones,
and 2.5 times higher than CrN surface. These results

showed that TiN coating displays the best wettability
with these ILs. In addition, the SP results were in
agreement with the ones obtained for contact angle and
surface tension. Therefore, [Pgeq14][(iC8),PO,] and
[Pgss14] [BEHP] showed the highest SP values besides
the lowest contact angle and surface tension data. All ILs
“wet” the surfaces (SP > 0) and differences between the
highest and lowest values of this parameter for each
surface ranged from about 7% for TiN to almost 25% for
CrN. Finally, this parameter could be helpful for
understanding the wetting behavior of ILs on these
surfaces, especially due to the spreading-wetting behavior
found in this research.
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B NOMENCLATURE

0 contact angle, deg

c standard deviation, deg or mJ/ m?

o, combined uncertainty, mJ/m?” or -

COv covariance, -

4 surface tension, mJ/m?

v =yl =y, dispersive component of surface tension, mJ/
m2

y =y =y polar component of surface tension, mJ/m>

Wg work of adhesion (solid—liquid interface), mJ/
m?

We work of cohesion (liquid), mJ/m*

Ys = Ysv total surface energy, mJ/m?

7s dispersive component of surface energy, mJ/
m2

yad polar component of surface energy, mJ/m*

YsL solid—liquid interfacial tension, mJ/m*

YL = Vv vapor—liquid interfacial tension, mJ/m?

Eq surface excess energy, mJ/m”

Ss surface excess entropy, mJ/m*K

Sp spreading parameter, mJ/m”

PF polarity fraction, -
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CoF friction coeflicient, -
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