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Wetting effect of branched anionic Gemini
surfactant aqueous solution on PMMA surface

Dengxi Zhang,? Zhicheng Xu,” Zhigiang Jin,” Lei Zhang,” Lu Zhang,® Fenrong Liu*®
and Wangjing Ma () *°

In this paper, the adsorption behaviour and wetting modification ability of the sodium salts of bis-
octadecenoyl succinate (GeminiC3, GeminiC6) and monomers on polymethyl methacrylate (PMMA)
surfaces were investigated. The difference in spacer length led to slightly different behaviour of
surfactant molecules in solution. The large molecular structure and short flexible spacer of GeminiC3
led to a complex self-aggregation behaviour in solution, forming micelles at low concentrations, leading
to a rapid decrease in surface tension and subsequent transition to monolayer or multilayer vesicles. In
GeminiC6, the longer flexible spacer groups act as spatial structure modifiers that hinder the formation
of vesicles. The adsorption behaviour of the gas—-liquid interface was analysed in three stages for the
peculiar inflection points where surface tension appears. Combining contact angle measurements, adhe-
sion tension and interfacial tension data showed that GeminiC3 and C6 formed a saturated monolayer
on the adsorbed PMMA surface at low concentrations and a bilayer structure at high concentrations.
Due to the low resistance of molecular space sites, the monomers adsorbed heavily on the PMMA sur-
face, forming semi-colloidal aggregates with the lowest contact angle of monomeric surfactant
solutions reaching 38° on the PMMA surface. Also, the monomer and GeminiC3 and C6 surfactants in
this paper have a very high hydrophilic modification ability on the PMMA surface compared to other

rsc.li/soft-matter-journal literature.

1. Introduction

The wetting phenomenon on solid surfaces has received con-
siderable attention in a variety of fields such as adhesion, oil
extraction, flotation, membrane distillation, washing and
lubrication.'™ Surfactants play a crucial role in regulating the
wetting properties of solid surfaces. Researchers have been
continuously innovating the structure of surfactants to achieve
better wetting performance. Over time, surfactants have evolved
from single-chain to various special structures including alkyl-
branched double-zwitterionic head Gemini surfactants,®’
double-chained surfactants with dual hydrophobic chains,®
inserted functionalized monomeric units,* amphoteric ions,’
and alkyl-branched structures." Among these, Gemini and
double-chained surfactants have recently garnered much focus.
In particular, Gemini surfactants and double-chained surfac-
tants have demonstrated significant progress in the wetting
behaviour on the surface of polymethyl methacrylate (PMMA)
and are thus worth studying.
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Polymethyl methacrylate (PMMA) has attracted much atten-
tion for its exceptional aging resistance, flexibility, biocompat-
ibility and heat resistance, and has become one of the widely
used acrylate plastics."”'" PMMA is a weakly polar polymer
compound with a surface containing various functional groups
such as -CHj3, -CO, and ~-OCH,."” These functional groups lead
to a variety of adsorption methods of surfactants on the PMMA
surface. Therefore, the wetting behaviour of PMMA surfaces is
well worth studying.

In recent studies, it has been established that the use of
Gemini surfactants can enhance the surface tension and wett-
ability of polymers, which have the ability to significantly
increase the surface wetting of polymers within a confined
temperature range, thus improves electrostatic properties on
the surface.'” Furthermore, Gemini surfactants exhibit superior
chemical stability and antioxidant properties, which render
them effective in safeguarding metal surfaces against chemical
corrosion and aging."* When compared to conventional surfac-
tants, Gemini surfactants exhibit higher surface activity and
lower CMC. However, there has been limited research on the
adsorption behaviour of cationic Gemini surfactants on poly-
mer surfaces,” although the adsorption behaviour of ampho-
teric surfactants™ and cationic Gemini surfactants'> on PMMA
surfaces has been already reported. Zhang'®'’ found that
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certain surfactants possess unique wetting properties due to
the incorporation of polyethylene oxide (EO) units or branched
hydrophobic chains into their structures. These surfactants
are capable of interacting with the PMMA surface via polar
groups at low concentrations, resulting in a slightly hydropho-
bic PMMA surface. Nonetheless, once the CMC is attained, the
adsorption behaviour of these surfactants shifts to hydrophobic
interaction, ultimately leading to a decrease in yg;, with increas-
ing surfactant concentration.

Lv’ et al. investigated the unique adsorption behaviour and
wettability changes of alkyl-branched Gemini surfactants (qua-
ternary ammonium salts) were investigated on the surface of
PMMA and PTFE (Polytetrafluoroethylene) by steric hindrance
effect, as well as the changes in polymer wetting properties
caused by the length of the bridge-linking group between C3
and C6. This study found that the difference in the interval
length had limited impact on the wetting properties, and the
surfactants adhered to the PMMA surface through polar inter-
actions, forming a double-layer saturated adsorption film above
the CMC. At the same time, due to the significant steric
hindrance, the adsorption amount on the PTFE surface was
only one-third of that at the gas-liquid interface. Garcia'®
studied the effects of hydrophobic alkyl chain length, bridge-
linking group properties and structure, and ionic head polarity
on the aggregation behaviour of a series of C12 and C18 alkyl
chain quaternary ammonium-based Gemini surfactants with
different bridge-linking groups and C12 alkyl chain quaternary
ammonium trimeric surfactants in aqueous solution. The
results showed that Gemini surfactants were easier to reach
the critical micelle concentration (CMC) compared to single-
chain surfactants, and rigid and flexible bridge-linking groups
were key factors influencing the self-assembly behaviour of
Gemini surfactants in water: (1) the trimers of rigid bridge
groups are more likely to agglomerate than dimers. (2) The
flexible spacer group has a lower CMC than the surfactant of
the corresponding rigid spacer group. (3) With the increase of
hydrophilicity of flexible spacer groups, the CMC of gemini
surfactant also increases, and the elongation to CMC is no
longer obvious when the spacer group is rigid.

In addition, double-stranded surfactants are also widely used
in the study of the wettability of polymer surfaces. The experi-
mental results have shown that double-chain surfactants can
effectively form a dense wetting surface on the surface of
polymer, improving surface wettability without affecting surface
glossiness."”” In addition, double-chain surfactants also have
good antibacterial activity and can effectively prevent Gram-
positive bacteria.>'Nihar Ranjan Biswal'® found that compared
to traditional single-chain cationic surfactants (CTAB), double-
chain cationic surfactants (DDAB) and double-chain anionic
surfactants (AOT) have lower minimum surface tensions and far
lower contact angle. The contact angle reduction of the two
double-chain surfactants on the surface of PTFE was similar,
and their adsorption on the PTFE-water interface was 0.759 times
lower than that at the air-water interface.

Based on the above studies, we found that Gemini surfactant
and double-chain surfactant have very promising research
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prospects, so in this paper, we synthesized two configurations
of sodium bis-octadecenyl succinate surfactant and tried to
explore the adsorption behavior of Gemini and double-chain
co-existing surfactants on polymer surfaces and their applica-
tions by studying their adsorption mechanisms on polymer
surfaces, the variation pattern of adsorption equilibrium, etc.
The study is intended to reveal the mechanism of their action
on polymer surfaces and to explore the prospects of their
application in polymer material modification. This study is of
theoretical and practical significance for understanding the
adsorption behavior of surfactants on polymer surfaces,
expanding the surface modification technology and improving
the performance of polymer materials.

In this paper, the wetting properties of Gemini Cn anionic
surfactants on the surface of poly (methyl methacrylate)
(PMMA) was systematically studied. Three different carbons
bridged Gemini Cn anionic surfactants, i.e., the sodium salts of
dimeric 18-carbon chains linked by a 3-carbon bridge (Gemi-
niC3) and 6-carbon bridge (GeminiCé6), as well as the sodium
octadecyl succinimide as a monomer, were synthesized. The
gas-liquid-solid contact angles were measured using the drop
method, and the surface tension was measured using the plate
method. The obtained data were analysed to investigate the
wetting behaviour of Gemini Cn anionic surfactants on PMMA
surfaces.

2. Experimental

2.1. Materials

A proprietary catalyst from previous studies®® was used in the
preparation of octadecenyl succinic anhydride, which con-
tained two alkyl chains of differing lengths. Subsequently, the
synthesized compounds were transformed into Gemini surfac-
tants. Surfactants were synthesized according to Dix,**> and
their chemical structures are presented in Scheme 1. The purity
of the compounds was determined to be in excess of 95%,
ascertained through Mass spectrum and nuclear magnetic
resonance hydrogen spectroscopy (H-NMR). The experiments
were using ultrapure water, characterized by a resistivity of
18.2 MQ cm.

2.2. Surface tension measurement

The surface tension of the Gemini Cn was measured by
Wilhelmy plate technology, and the platinum plate was thor-
oughly cleaned and flame-dried at 298 + 0.5 K with a tensi-
ometer (Data Physics AG, DCAT21). In all cases, more than
three measurements were made with a standard deviation of no

more than 0.2 mN m ™.

2.3. Contact angle measurement

The contact angle of the aqueous surfactant solution on PTFE
or PMMA plates was determined by OCA20 fixed titration
method of Dataphysics Instruments GmbH in Germany at a
constant temperature (298 £ 0.5 K). The measurement on both
sides of the droplet is performed immediately after the droplet

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Molecular structure and formula of GeminiC3, C6 and mono-
mer surfactants Cy: denotes the Xth carbon position (2 < X < 17).

settles to the solid surface. The measurement was repeated
several times at different positions on the solid surface with a
standard deviation of less than 3°.>* The details of contact
angle measurements are described elsewhere.

Polymethyl methacrylate (PMMA) plates are cut from large
thin plates for contact angle measurement. The plates are
ultrasonically cleaned with ethanol, then rinsed with ultrapure
water, and then washed in an ultrasonic bath for 20 min. These
surfaces are subsequentially heated at 378 K for 2 hours.

3. Results and discussion

3.1. Surface tension of surfactants solution

According to Fig. 1, the surface tension of GeminiCé6 exhibits a
significant decrease at low concentrations and reaches a critical
micelle concentration (CMC) plateau at 28.1 mN m™*, which is

80

N —®— GeminiC6
70 BN - -® - GeminiC3
YA —4A- Monomer

Surface tension (mN/m)

[
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T T T T T T
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concentration (Mol/L)

1E-8

Fig.1 Surface tension versus of the concentration for C3, C6 and
monomer surfactant.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

in agreement with previous studies, confirming the reliability
and reproducibility of the experimental data in this work.
Notably, both the GeminiC3 and monomer displayed two
critical micelle concentration values, CMC; and CMC,. CMC,
was observed at low concentrations and accompanied by a
substantial drop in surface tension. Phan® et al attributed
this behaviour of monomer to the double-chain structure of the
surfactant, which leads to the formation of surface pre-micelles
that interact with surfactants already present in the solution as
they spread over the gas-liquid interface. The formation of
surface pre-micelles leads to the sparse arrangement of surfac-
tant molecules at the gas-liquid interface, the adsorption rate
decreases, and therefore the rate of surface tension decrease
slows down after reaching CMC,. The concentration of surface
micelle formation (CMC,) is much lower than that of the
micelles inside the solution. The monolayer adsorbed at the
gas-liquid interface acts as a “seed” to reduce the entropy
required for aggregation. The relative ease of micelle formation
is similar to heterogeneous/homogeneous nucleation. Due to
this unique adsorption behavior, CMC, was also used as the
critical micelle concentration for this study system, and the
critical micelle concentration of the monomeric surfactant
solution itself (CMC,), dividing the study process into three
parts for analysis. Unlike the monomer, the mechanism behind
the plateau formation of GeminiC3 is more intricate. Based on
literatures,'®*® due to large molecular structure and steric
hindrance, the two polar carboxylic acid groups produced by
carboxylate hydrolysis led to complex self-aggregating beha-
viour of GeminiC3, and the transition of micelles to vesicle
aggregates at high concentrations leads to the formation of two
plateaus of surface tensions.

Although the bridge groups of GeminiC3 and GeminiC6
differ by only three -CH,-, the surface tensions curves indicates
that C3 exhibits two CMC while C6 has only one. The CMC of
Gemini surfactants initially increases with the increasing
length of the spacer group between the head groups, but it
decreases when the chain length exceeds five carbon atoms,
Geminis behaves as a double chain surfactant when the interval
is short.”® Therefore, the GeminiCn in this paper under- goes
different aggregation behaviour in solution, leading to the
appearance of different surface tensions. Unlike monomeric
surfactants, the vacancy barrier of the bridging group hinders
the formation of surface micelles.

The slope of the surface tension of the monomer is calcu-
lated by the average of the slopes of the two segments, and the
maximum interfacial excess concentration is calculated by
combining with the Gibbs adsorption eqn (1):

I=- 2.3031nRT) (d 12; c) )
(

Where y refers to the surface tension (mN m™ '), C refers
to molar concentration (mol/1), R refers to gas constant
(8.314 J mol " k"), and T refers to absolute temperature. Two
ions are ionized in the monomer and three ions can be ionized in
GeminiCn, where Gemini surfactant n is taken as 3 and the
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Table 1 The surface activity properties of C3, C6 and monomer surfactant
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Surfactant CMC,/(10 °mol 1Y) CMC,/(10 *mol 1) Jeme,(mN m ™) Yemc, (MN m™7) 107 Iy (mol em™)  Apin, (nm?)
GeminiCé 1.8 28.1 1.67 1.00
GeminiC3 5.2 5.0 40.3 28.6 1.25 1.33
monomer 1.0 4.0 43.7 31.6 6.44 0.26
monomer as 2. The minimum area Amin for each molecule at the 100 T . T T . .
air-water interface can be calculated using the following formula: 904 PMMA —o— gem@n@gg
K o) —O— Gemini
1014 N I" . —/~— Monomer
Awin = | ——F— (2) CR ol e e
N 4T max 5 <_MB#EE;§;Z\L €3 CMC,
1 -
. . 2 A)I ' R~
The values for CMC, ycmc, Ymax and A, are listed in Table 1. ® Monomer OMC. N M b B
. . . w 604 " 1 SN
The adsorption amounts and adsorption areas in Table 1 are 2 €3 ONC, ) -
calculated from the slope of the surface tension in the first g 50 Monomer CMC;\
segment. According to Table 1, the adsorption at the gas-liquid g 0l N
interface during the reduction of surface tension of GeminiCé6 < -
is greater than that of GeminiC3, which is attributed to the 301
rapid formation of micelles inside the GeminiC3 solution and 20 : : : : : :
1E-8 1E-7 1E-6 1E-5 1E-4 0. 001 0.01

then conversion to vesicles, which saturates the adsorption at
the gas-liquid interface in advance, thus compensating for the
effect of the spatial site resistance of GeminiC6 molecules.

For GeminiC3, C6 and monomer, their lowest surface ten-
sion plateau values are 28.1, 28.6 and 31.6mN m ", respectively.
C3 and Cé6 structures contain four hydrophobic chains, all of
which are strongly hydrophobic, and the hydrophilic groups in
the molecule are interconnected by strong chemical bonds, and
this connection weakens the electrostatic repulsive forces
between the hydrophilic groups and their repulsion between
the hydrated layers, resulting in a better the adsorption capa-
city. In the first stage the adsorption of the monomer is greater
than that of GeniniCn, but in the range of CMC;-CMC,, the
adsorption of the monomer is only 0.43 mol ¢cm 2, which
combined with the lowest surface tension plateau value can
be concluded that the adsorption of the monomer throughout
the gas-liquid interface is lower than that of GeniniCn.

3.2. Contact angles on the PMMA surface

Fig. 2 shows the change in contact angle of the three surfactants
solutions. The contact angle of the three surfactants in the concen-
tration range of 5E-7 mol 1" to 1E-4 mol 1™ " is about 76° without
significant fluctuation, and the contact angle begins to decrease
after the concentration is greater than 1E-4 mol 17*. The contact
angles of GeminiC3 and GeminiCé6 on the PMMA surface decreased
to 58.63° and 60.62°, respectively, which proved that the change of
bridge group length did not have much effect on the contact angle
change of surfactant on the PMMA surface. On the other hand, it is
noteworthy that the contact angle of the monomer significantly
decreased to 38.06°. This result was expected, as the smaller
molecular size of the monomer facilitated a more tightly packed
semi-micellar space on the surface of PMMA, resulting in a greater
extent of hydrophilic modification of the PMMA surface.

3.3. Adhesion tension on the PMMA surface

Adhesion tension is an important parameter for evaluating
the wettability of solid surfaces, obtained by Young’s

4452 | Soft Matter, 2023,19, 4449-4457

Concentration (mol/L)

Fig. 2 The contact angle () of C3, C6 and monomer surfactants on
PMMA varies with concentration.

equation and equilibrium contact angle and three interfacial
free energies:

P1ve0s 0 = ysy — Psi. 3)

where ysy, ys1, and ypy represent the interfacial free energy of
solid-gas, solid-liquid and gas-liquid, respectively. Combining
the Young and Gibbs equations, we can get the relationship
between the adsorption capacity at different interfaces:

d(yLycos0) _ I'sv —1I's
dyLy

i 4)

I'sy, I'sy, and I'py indicate the maximum surface adsorption
capacity of surfactants at the solid-gas, solid-liquid and gas-
liquid interfaces, respectively. Assuming I'sy = 0, the value of
I /Ty can be obtained by the slope of the y.y cos and 1y
curves under CMC.

The hydrophilic groups are adsorbed on the solid surface
during the hydrophobic interaction of surfactant molecules. In
this case, the ratio of adsorption capacity at the solid-liquid
interface to that at the gas-liquid interface is negative:

I'sy
St 4 5
iy (5)

The alkyl chain is adsorbed on the solid surface through
hydrophobic interactions. In this case, the ratio of adsorption
capacity at the solid-liquid interface to that at the gas-liquid
interface is positive:

I'sL
—=a 6
Ty (6)

Generally, the adsorption of the hydrophilic head group and
PMMA surface of ionic surfactants is weaker than that of the

This journal is © The Royal Society of Chemistry 2023
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hydrophobic end and PMMA. Therefore, the hydrophobic tail
of the surfactant is polarly adsorbed on the surface of PMMA,
and the ion head is oriented towards the aqueous phase,
resulting in a decrease in energy at the solid-liquid interface
with a negative slope, such as anionic surfactants sodium
decylsulfate(SDS)*” and bis(2-ethylhexyl) sodium sulfosuccinate
(AOT),*® cationic surfactants cetyltrimeth-ylammonium bromide
(CBAT), cetylpyridinium bromide (CPyB),*® dodecylethyldimethy-
lammonium bromide C,,(EDMAB), and benzyldimethyldodecy-
lammonium bromide (BDDAB).*

Surfactants with a positive slope usually have more than
one hydrophilic group. C;,PC and C16GPC surfactants have
3 groups of -OH and -N(CHj3). C;cPb and C;,GPb molecules
have -OH, -N(CH3);" and -COO- groups. C;4(EO);PC and
C16G(EO);PC molecules have ~-OH, -N(CH;);" and EO groups.
C16(EO)3Pb and C,6G(EO);Pb surfactants have -OH, -N(CH3)*",
EO and -COO- groups.>>*"

The GeminiCn and monomeric surfactants synthesized in
this study contains a -COO- and -CONH- group as the ion
head, which can form hydrogen bonds with PMMA and tightly
adsorbed on the surface, orienting the hydrophobic end
towards the aqueous phase. As shown in Fig. 3, before CMC;,,
the adhesion tension of GeminiC3 decreased gradually with the
decrease of surface tension in a linear relationship. The second
segment of surface tension reaches a CMC, and remains
constant, while adhesion tension increases vertically. This is
attributed to the fact that with increasing concentration, the
surfactant forms a saturated adsorption film at the air-liquid
interface, while continuous adsorption occurs at the solid-
liquid interface, leading to the vertical increase of adhesion
tension data. The surface tension value forms a plateau that
leads to a break in the middle of the first and second segments.
In the middle of CMC,;-CMC,, the monomer still maintains the
linear relationship of the first segment because the reduction of
surface tension and the reduction of interfacial tension are
consistent. In particular, the slopes of GeminiC3, monomer
and GeminiCé6 surfactants before CMC, were all consistent at
0.22, indicating that the surfactant adsorption capacity at the

[N
N
1

L " GeminiC6
PMMA ®  GeminiC3
A Monomer

]
]
1

20 a

12 4

adhesion tension (ycos 0)

20 30 40 50 60 70 80
surface tension (mN/m)

Fig. 3 Adhesion tension of C3, C6 and monomer surfactants on the
surface of PMMA in relation to surface tension.
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gas-liquid interface was 4.5 times higher than that at the
PMMA-liquid interface.

3.4. Interfacial tension of the PMMA-solution interfaces

In order to further study the adsorption behaviour of the three
surfactants on the surface of PMMA, the solid-liquid interfacial
tension of the three surfactants was analysed. The surface free
energy of PMMA solid is 39.5 mJ m?, and the interfacial tension
ys.. of PMMA and liquid can be obtained by eqn (3).

The change curve of the interfacial tension yg;, with concen-
tration of the three surfactants is plotted in the Fig. 4. It was
found that the adsorption behaviour of the three extended
surfactants on the PMMA surface had three stages.

In the low concentration stage, the hydrophobic tails of C3
and C6 are oriented towards the solution, and the hydrophilic
part is adsorbed on the surface of PMMA. As a result, the
interfacial tension increases and PMMA is modified to a
slightly hydrophobic surface. In the concentration range of
CMC; to 1E-4 mol 17}, the interfacial tensions of C3 and C6
achieved the plateau, indicating that the surfactants formed a
Colloids in the solution, and the monolayer membrane adsorp-
tion reached saturation, resulting in the emergence of the
interfacial tension platform shown in Fig. 4. Above the concen-
tration of 1E-4 mol 17", due to the hydrophobic interaction
surfactant molecules adsorbed on the monolayer membrane to
form a double-layer film, the hydrophilic part is oriented
towards the solution, PMMA becomes a hydrophilic surface,
and the interfacial tension gradually decreases. It can be seen
from Fig. 4 that the slopes of C3 and C6 at low concentrations
are 4.85 and 6.5, respectively. At high concentrations, C3 and
C6 are —3.78 and —2.85 which are smaller than the slope before
CMC. The results indicate that the large molecular size of
Gemini surfactants leads to a relatively loose and difficult-to-
adsorb bilayer membrane structure, and limited hydrophobic
modification ability on the surface of PMMA.

There are three main adsorption behaviours of surfactants
after CMC: (1) monolayer adsorption (hydrophobic tail adsorp-
tion or polar adsorption); (2) double-layer adsorption (the

40

®  GeminiC6
4| Slope:6.5 aue PMMA o GeminiC3
Slope:4. 84 1 A Monomer
Slope:14.4 _ LI'MC2
4

309
2549

204

Slope:—2.85
15 Slope:=3.78
Slope:—8. 06
10 T T T T T T
1E-8 1E-7 1E-6 1E-5 1E-4 0. 001 0.01
concentration (MOL/L)

PMMA-liquid interface tension (ySIl(mN/m"))

Fig. 4 The interfacial tension of C3, C6 and monomer surfactants on the
surface of PMMA varies with concentration.

Soft Matter, 2023,19, 4449-4457 | 4453


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00525a

Open Access Article. Published on 19 May 2023. Downloaded on 1/16/2026 9:48:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
Table 2 Interfacial parameters of C3, C6 and monomer surfactant

(<CMC1) (<CMC1) Aminiv/(Tsi/T'wy) (>1E-4 mol 1) (>1E-4 mol 1)
Surfactant 10" I'pax (mol cm™2) Amina (nM?) Amint (nM?) 10" I'pax (mol cm™2) Aminp (nm?)
GeminiC3 0.28 6.00 6.00 0.21 7.7
GeminiC6 0.37 4.45 4.50 0.16 10.0
Monomer 1.24 1.34 1.18 0.69 2.4

Amina: Calculated value of the minimum adsorption area for the first layer of adsorption.A,;,r: Theoretical value of minimum adsorption area for
first layer adsorption.An;,p: Calculated value of minimum adsorption area for second layer adsorption.

second layer of surfactant adsorbed on the original monolayer
surfactant); (3) formation of aggregates (semi-micelles formed
by adsorption of surfactant molecules on solid surfaces by
hydrophobic action).> From Fig. 4, it can be seen that the
slope of monomer in concentration range 5E-7-1E-6 mol 17" is
14.4, the monomer surface activity and a large number of
adsorptions on the surface, the interfacial tension rises rapidly.
At the concentration range of 1E-6-1E-4 mol 17", micelles start
to form inside the solution, the molecular monolayer adsorp-
tion at the PMMA-liquid interface gradually reaches saturation,
the adsorption rate becomes smaller, and the interfacial ten-
sion changes slowly. At concentrations greater than 1E-4 mol
17, surfactant molecules continue to adsorb in PMMA in large
numbers to form semi-micellar aggregates, so the slope of the
rapid decrease curve of interfacial tension becomes larger.

The minimum value of yg;, at high concentrations represents
the maximum hydrophilic capacity. For C3, C6 and monomer,
YsLmin 1S 26.1, 24.9 and 13.5, respectively. It shows that the
monomer surfactant achieves the maximum modification of
the hydrophilicity of the PMMA surface. As shown in Table 2,
the theoretical value (An,inT) calculated from the Gibbs equa-
tion with the slope of the adhesion tension matches exactly
with the calculated value of the actual data (Amina), Which
proves the reliability of the experimental results.

The maximum value of yg;, and the minimum value of yg;,
can be obtained from the interfacial tension curves, which
represent the maximum hydrophobic and hydrophilic modifi-
cation ability of surfactants on PMMA surfaces, respectively.
Some surfactants with special structures were selected for
comparison with this study. In order to avoid the effect of
different initial values of yg; due to different PMMA sheets in
the literature, the difference between the initial and maximum
values of ygp, (Aysp) was used to represent the maximum hydro-
phobic modification ability of each special structured surfac-
tant molecule, while the maximum hydrophilic modification
ability was represented by the minimum value of yg, at high
concentration, and the data were listed in Table 3:

In Table 3, GeminiCn and monomer were compared with
The stronger hydrophobic modification ability of GeminiCn
and monomer compared to other specific structures of Geminis
surfactants and betaine is due to the strong adsorption of
GeminiCn ionic head to PMMA surface. The monomer exhib-
ited superb hydrophilic modification ability at high concen-
tration, reflecting the advantage of one long and one short
double alkyl chain forming semi-micelles on the PMMA
surface.
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Table 3 Maximum hydrophobicity of PMMA surface modification capa-
city (Aysy) and maximum hydrophilic modification capacity (ys.min)

samples Aysy/(mN m™?) Ystmin/(MN m ™)
GeminiC6 10.37 26.3
GeminiC3 7.26 24.9
monomer 9.12 14.2
(o4 2.8 29.8
Co’ 3 28.1
18C** 9 21
185°* 9.2 24
C,6GPC*® 2.7 18.8
C16G(EO);PC*? 4.4 18
C,,GPB* 5 18
C16G(EO);PB** 4.9 17.5
3.5. Work of adhesion on the PMMA surface

The work of adhesion (W) of a liquid to a solid is defined by
the reversible work required to separate a liquid per unit area
from a solid surface, as shown in eqn (7).

)

Wa =7sv t Yv — Vs

Where W, can also be calculated by the Young formula.

®)

Wa = prv(cos 0 + 1)

From eqn (7), the value of the adhesion work is determined
by the values of yg;,, 7sv, and ys;.. As shown in Fig. 5, increasingly
concentration led to a W, decreasing, which is due to a
decrease in both y.y and bonding tension. At high concentra-
tions, the adsorption of surfactants at the gas-liquid interface
is saturated, retaining y.y constantly. While the surfactant

o
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—~— Monomer

80

704
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Fig. 5 Effect of GeminiC6, C3 and monomer concentration on the
adhesion function W, of PMMA surface.
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continues to adsorb on the PMMA-liquid interface, ys;, reduced
resulting in an increasing trend in W,.

The higher the adhesion work, the easier the surfactant
solution wets on the surface. It is obvious that the monomer
after CMC has the largest adhesion work and is the most
favourable for wetting on PMMA surface. The adhesion work
of GeminiC3 experienced a short plateau and started to con-
tinue to decrease with the decrease of y;y until y;y was not
changing, the decrease of yg led to the increase of adhesion
work because the PMMA surface became hydrophilic surface,
the adhesion work of GeminiC3 was higher than that of
GeminiCé. It was verified that the adsorption of GeminiC3 on
the hydrophilic modified part of PMMA surface in Table 3 was
greater than that of GeminiCe.

3.6. Mechanism responsible for surfactant adsorption
behaviour on the PMMA surface

To enhance our comprehension of the adsorption mechanisms of
C3, C6, and monomer on the surface of PMMA, the variation of
surface tension, solid-liquid interfacial tension, and contact angle
as a function of concentration were graphically presented in
Fig. 7a-c. Moreover, in order to visually illustrate the adsorption
behaviour of the three surfactants on the PMMA surface, mecha-
nism diagrams were also created and depicted in Fig. 6. Based on
the information depicted in Fig. 6 and 7, the three surfactants
were examined and discussed in three distinct stages.

The first stage is defined as the concentration range from
1E-7 mol 17" to CMC. In this phase, as the concentration
increases, the monomer rapidly adsorbs on the gas-liquid
interface to form surface micelles, followed by a break in
surface tension to reach CMC1. While C6 directly reaches the

Monome

View Article Online

Paper

only CMC, attributed to the longer flexible spacer group of C6
(-CH,-CH,-), which weakens the polarity and spatial hin-
drance of the two ionic heads. At this stage, all C3, C6 and
monomers are continuously adsorbed at the PMMA interface.
As shown in Fig. 7, the ionic heads of C3 and C6 are adsorbed
on the PMMA surface by hydrogen bonding and the hydro-
phobic alkyl chains are facing the solution. The increase in
solid-liquid interfacial tension compensates for the decrease in
surface tension and the contact angle remains constant. The
monomer adsorbs heavily on the PMMA surface at this stage
due to the smaller spatial site resistance. The second stage is
defined as the concentration range from CMC; for C3 and
monomer and CMC for C6 to 1E-4 mol 17*. During this stage,
C3 and C6 reach temporary saturation at the gas-liquid inter-
face, and surface tension no longer changes. The first layer of
saturated adsorption film is continuously formed on the PMMA
surface while retains a constant interfacial tension and contact
angle. The surface tension of the monomer continues to
decrease, compensated by the increased interfacial tension,
and the contact angle remains constant.

The third stage is defined as 1E-4 mol 1" to 1E-2 mol 1. C3,
C6 continue to adsorb on the first layer of saturated adsorption
membrane due to hydrophobic interaction to form a double-
layer membrane structure, the ion head group is facing the
solution, and the interfacial tension is reduced. However, the
surface tension of C6 remains unchanged, the surface tension
of C3 decreases, the contact angle rapidly decreases. The
decrease in surface tension of C3 can be inferred from the
literature'®?® that the shape of the surface micelles changes to
vesicles-like aggregates, further reducing the liquid interface
activation energy. At this stage, the monomer molecules formed

Fig. 6 Schematic diagram of the possible molecular arrangement of surfactant molecules on the surface of PMMA.

This journal is © The Royal Society of Chemistry 2023

Soft Matter, 2023,19, 4449-4457 | 4455


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00525a

Open Access Article. Published on 19 May 2023. Downloaded on 1/16/2026 9:48:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
a® b« 0o
0] PMMA = o PMMA = w“ PMMA —
wl GeminiCq Y e GeminiC3 s . Monomer g _
-— = = 2
704 A \‘\- g 70 e i
S w0 \ 3
< 0] [ ; g
0 M~ L \ 3
0 B e N\ [ 0 o
204 ¢ ” F 20 C/(j?
0
0 e s ) s . 10 . : —
s leT 56 165 164 0.000 001 s 167 B 165 | 184 0001 001 s 17 IBe 165 | 1E4 0.0 0.01
Concentration (mol/L) Concentration (mol/L) Concentration (mol/L)
Fig. 7 (a—c) Concentration dependence of PMMA surface adhesion data for C6, C3 and monomer surfactants, respectively.

micelles in solution with the increase of concentration, the
adsorption area on PMMA decreased significantly, forming the
semi-micelles, the adsorption capacity increased significantly.

The ion head of the surfactant orientated to the solution,
modifying the PMMA surface to be a hydrophilic surface, the
interfacial tension decreases rapidly, the surface tension keeps
unchanged, resulting in a rapid decrease in the contact angle.

4. Conclusion

In this paper, the unique adsorption behaviour and wettability
modification of baryonic anionic surfactants and monomers
with double-chain alkyl C3, C6 spacer groups on PMMA sur-
faces were investigated using C3, C6, monomeric surfactants
synthesized with octadecenyl succinic anhydride with double
alkyl chains. Based on the determination of contact angle and
surface tension, combined with calculations, it was found that
the monomeric surfactants with double-chain structure formed
semi-micelles on the PMMA surface with good wetting water
modification ability. Baryonic surfactants, on the other hand,
are adsorbed on the PMMA surface through bilayers, the same
as most baryonic surfactants, but the different lengths of spacer
groups and double hydrophobic chains confer different adsorption
of GeminiC3 and C6 at the gas-liquid interface. C3 surface tension
shows two plateaus at low and high concentrations, respectively,
because the more compact molecular and spatial structure of C3
leads to self-polymerization in solution The behaviour is compli-
cated by the occurrence of multiple self-assembly behaviours and
the formation of micelles followed by the formation of vesicle
structures. In conclusion, the anionic Gemini surfactants in this
paper showed completely different adsorption behaviours on
PMMA surfaces compared to monomers and had lower surface
tension values and CMC. However, during the wettability beha-
viour, monomers were stronger than C3, C6 baryonic surfactants in
wetting modification of PMMA surfaces.
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