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Abstract

This study presents an exploration into the relationship between the molecular structure of oil-soluble fluorinated surfactants
and their surface properties across a variety of organic solvents. A series of oil-soluble surfactants with fluorocarbon/hydro-
carbon hybrid chains, N-methyl-N-alkyl-4-perfluoroalkylsulfoxybenzylamines (FmHn), were designed and synthesized, and
their surface activity was evaluated in 12 organic solvents with different polarities. The surface parameters, including CMC,
Vones Lmae @nd 4 _, were measured in n-hexadecane, m-xylene, and DMSO, allowing for an in-depth analysis of the influence
of molecular structure on these surface properties. Results indicate that an increase in the length of the fluorocarbon chain
generally enhances surface activity, leading to a reduction in the CMC value and an increase in the effectiveness of surface
tension reduction. However, the impact of the hydrocarbon chain length on surface activity is more complex and depend-
ent on the polarity of the organic solvents. In low-polarity solvents, surface activity is improved with a longer hydrocarbon
chain, whereas in high-polarity solvents, a shorter hydrocarbon chain is more beneficial. Consequently, a “polarity—direc-
tionality” strategy was proposed to tailor the molecular structure of surfactants to optimize performance in solvents with
varying polarities, resulting in a significant reduction in surface tension. Specifically, FSH12 was identified as particularly
effective in low-polarity n-alkanes and cycloalkanes, FOH8 was most effective in medium polarity aromatics, and F8H4
or F6H4 was ideal for larger polar solvents. These findings enrich the understanding of the structure—activity relationship
in oil-soluble fluorinated surfactants and offer new perspectives for the development of high-performance surfactants with
reduced environmental impact.
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Introduction

The fluorocarbon moiety exhibits exceptional hydropho-
bicity, enabling fluorinated surfactant molecules to adsorb
at the water/air interface by escaping from the aqueous
phase. This superior capacity to reduce surface tension
of water far surpasses that of hydrocarbon surfactants.
Typically, fluorinated surfactants can reduce water surface
tension to approximately 15-20 mN/m, whereas hydro-
carbon surfactants can only achieve a reduction to about
30—40 mN/m (Krafft and Riess 2009). Consequently, fluor-
inated surfactants can be employed in harsh conditions
which are too severe for hydrocarbon surfactants, such as
applications in aqueous systems including the oil and gas
industry (Hussain et al. 2022), energy storage and trans-
portation (Cao et al. 2020), aqueous fire-fighting foam (Wu
et al. 2023), and evaporation suppressant (Wu et al. 2021).
However, their applications in non-aqueous systems may
cause the entire molecule to acquire an oleophobic struc-
ture, leading to an increase in the surface energy of the
organic solvent, which in turn may reduce surface activity
at the oil/air interface (Li et al. 2010).

Oil-soluble surfactants possess amphiphilic properties
that allow for dense adsorption at the oil/air interface,
reducing surface tension of organic solvents. This char-
acteristic provides application potential in non-aqueous
systems, serving as efficient foam stabilizers (Mustan et al.
2022), reducing CO,-o0il minimum miscible pressure to
release miscible displacement increasing oil recover (Guo
et al. 2017), acting as a viscosity-reducing agent for super
heavy oil (Pan et al. 2017), employing as charging agents
in the development of electrophoretic inks for electronic
image displays or toners for electrostatic lithographic
printers (Parent et al. 2011), preventing ultrafine carbon
black particle accumulation in engine lubrication (Shen
and Duhamel 2008), and effectively controlling asphal-
tene deposition during petroleum production and trans-
portation (Atta and Elsaeed 2011). Fluorocarbon chains
possess strong oleophobic properties in addition to high
hydrophobicity, enabling them to escape from the oil
phase. The hydrophilic head groups of surfactants can
be replaced with lipophilic alkyl or aryl groups through
appropriate molecular design to yield oil-soluble fluori-
nated surfactants. These surfactants play a vital role in
fields including petrochemical, biomedicine, and colloidal
catalysis, such as enhancing the solubility of compounds
in dense carbon dioxide (Hoefling et al. 1992), as antiwear
and antifriction additives for boundary lubrication (Bas-
set et al. 1984), as a novel excipient in lipid-based drug
delivery systems (Holm et al. 2011), and as an organo-
catalyst for aldol condensation of different ketones with
various aldehydes (Zhu et al. 2011). Nevertheless, the
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variety of organic solvents and their differing polarities
and solubilities can make it challenging to find a single
oil-soluble fluorinated surfactant suitable for all solvents.
Thus, the development of a class of oil-soluble fluorinated
surfactants and understanding the relationship between
their molecular structure and surface tension in various
organic solvents has significant theoretical and practical
implications.

In recent years, there have been relatively few up-to-date
reports on the synthesis and properties of oil-soluble fluori-
nated surfactants, with most previous studies dating back a
decade or more. For instance, a series of oil-soluble fluo-
rine-containing surfactants were synthesized using Wittig
and Wittig—Horner reactions, and their surface tensions in
toluene, n-hexane, and nitromethane were measured (Zhang
et al. 2019). The fundamental physicochemical properties
of N, N-dialkyl perfluoroalkane sulfonamides, including
melting point, density, viscosity, and dielectric constant,
were determined (Fu et al. 2013). The structure—function
relationships of surface tension changes of m-xylene in the
presence of fluorous 1H-1,2,3-triazole and tetrazole were
discussed (Read and Wang 2012). A variety of N-alkyl per-
fluorooctanesulfonamides was prepared, and their surface
activities in a wide variety of organic solvents, involving
alkanes (n-dodecane, n-tetradecane, n-hexadecane, and liq-
uid paraffin), cyclanes (cyclohexane), aromatics (toluene
and m-xylene), polar solvents (ethyl acetate, 2-butanone,
nitromethane, DMF, and DMSO), were explored (Li et al.
2009), particularly their aggregation behavior in DMSO,
which were also investigated (Li et al. 2010). Perfluoro-
2,5-dimethyl-3,6-dioxanonanoic acid ester fluorocarbon
surfactants were confirmed to reduce the surface tension
of organic solvents by 40-83% (Han et al. 2009). Perfluo-
ropolyalkylether N, N-diphenylamide exhibited significant
surface tension reduction in organic solvents even at low
concentrations (Gu et al. 2007). Ether-linked hydrocarbon-
fluorocarbon surfactants with single and double tails were
synthesized to evaluate the effect of molecular structure on
foamability and aggregate formation in organic solvents
(Huang et al. 2004). A novel fluoroalkylated benzene was
verified to effectively reduce the surface tension of m-xylene
(Abe et al. 1992).

The literature mentioned above reports various struc-
tures of oil-soluble fluorinated surfactants, including poly/
perfluoroalkyl chains with different lengths of oleophilic
chains and perfluoroether chains. The linking group con-
tains flexible ether bonds, rigid sulfonamide groups, and
semi-rigid alkyl triazole or tetrazole rings. The oleophilic
chains consist of alkyl, cycloalkyl, and aryl groups, all of
which exhibit surface activity in organic solvents. How-
ever, there exist two deficiencies in the literature: (1) The
fluorocarbon chains of oil-soluble fluorinated surfactants
are limited to long perfluoroalkyl chains when dealing with
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Scheme 1 Synthetic route of oil-soluble fluorocarbon/hydrocarbon hybrid surfactants (FmHn, m=4, 6, 8; n=4, 8, 12, and 16; m represents the
number of carbon atoms in the fluorocarbon chain, while n represents the number of carbon atoms in the hydrocarbon chain)

a wide range of organic solvents, but such derivatives are
persistent, toxic, and bioaccumulative in the environment,
which have been designated as persistent organic pollut-
ants (POPs) and restricted in production and utilization
in many fields under the Stockholm convention in 2009
(Zhou et al. 2021); (2) while oil-soluble surfactants con-
taining short poly/perfluoroalkyl and perfluoroether chains
have relatively minimal environmental impact and have
yet to be categorized under international law (Peshoria
et al. 2020), their applicability to a broad range of organic
solvents is constrained.

Henceforth, the objective of this research document is
to meticulously investigate the structure—activity relation-
ships between the oil-soluble fluorinated surfactant mol-
ecules, particularly the fluorocarbon chain length, and
their surface activity in organic solvents via molecular
architecture engineering, with an aspiration to identify
a category or subclass of oil-soluble surfactants featur-
ing short fluorocarbon chains, capable of mitigating the
environmental ramifications while considerably reducing
the surface tension of diverse organic solvents. In order
to achieve this goal, a class of oil-soluble fluorocarbon/
hydrocarbon hybrid surfactants, N-methyl-N-alkyl-4-per-
fluoroalkylsulfoxybenzylamines (FmHn, m=4, 6, 8; n=4,
8, 12, 16), with different fluorocarbon and hydrocarbon
chain lengths were designed and synthesized. The surface
tension reduction method was employed to investigate
their surface activity in various polar solvents such as
alkanes, cycloalkanes, aromatics, and large polar solvents.
The correlation between the length of the fluorocarbon
chain, the length of the hydrocarbon chain, and the polar-
ity of the solvents was analyzed to establish the “polar-
ity—directionality” strategies, which guides the selection
of appropriate length of the fluorocarbon and hydrocar-
bon chains for the surfactants based on the polarity of
the organic solvent. Furthermore, the adsorption behavior
of these hybrid surfactants at the air/n-cetane, m-xylene,
and DMSO interfaces was systematically studied using
the tension method. The interface parameters were calcu-
lated based on the Gibbs adsorption curve to elucidate the
properties of these compounds in different polar solvents
at a molecular level.

Experimental
Materials and characterization techniques

Perfluoroalkylsulfonyl (including butyl, hexyl, and octyl)
fluoride (industrial grade) were purchased from Hubei
Hengxing Chemical Co., Ltd. (Yingcheng, China). Sodium
borohydride (AR grade), 4-hydroxybenzaldehyde (AR
grade), n-butylamine (AR grade), n-octylamine (99% grade),
n-dodecylamine (CP grade), n-cetylamine (95% grade), para-
formaldehyde (AR grade), and decalin (AR grade) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Other reagents and organic solvents were of AR
grade and used without further purification.

"H NMR spectra were performed on a Mercury-Plus
400 MHz spectrometer by using tetramethylsilane (TMS)
as an internal reference and CDCl; or DMSO-d6 as the sol-
vent. '°F NMR spectra were recorded on a Mercury-Plus
400 MHz spectrometer equipped with a pulse field gradi-
ent module (Z axis) using a 5-mm BBO probe operating
at 376 MHz. '"H NMR and '°F NMR measurement were
performed at 25 °C. Mass spectra (MS) were obtained on a
Shimadzu GCMS-QP2020 spectrometer using an electron
impact (EI) source. Oil/air interface tension was measured
on Contact Angle System (OCA 20) and record three times
to ensure a reproducibility for each solution.

Genernal synthesis of N-methyl-N-alkyl-4-perfluoro-
alkylsulfoxybenzylamines (FmHn)

The target oil-soluble fluorocarbon/hydrocarbon hybrid
surfactants, namely N-methyl-N-alkyl-4-perfluoroalkyl-
sulfoxybenzylamines, were synthesized by two steps
(Scheme 1). Initially, 4-hydroxybenzaldehyde reacts with
perfluoroalkyl sulfonyl fluoride yielding intermediates
(FmCHO), subsequently engaged in a second stage with
alkylamines to synthesize the final products (FmHn). The
structures of the intermediates and target compounds were
characterized by FT-IR, 'H, '°F NMR, and MS/HRMS.
Detailed synthetic methods, yields, melting points, and
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structural characterization data and spectra (Fig. S1-S45)
of all intermediates and target compounds are described
in the Supplementary Materials.

Selection of organic solvents

In comparison with aqueous solutions, organic solvents pos-
sess diverse structural components and exhibit a vast range of
polarities. To perform an all-encompassing, systematic analy-
sis of the surface activity of the oil-soluble fluorocarbon/hydro-
carbon hybrid surfactants synthesized in this work, a range of
representative organic solvents was selected with the inten-
tion of covering as many polar ranges as possible, including
small polar n-alkanes (n-hexane, n-decane, and n-hexadecane),
cycloalkanes (cyclohexane and decalin), middle polar aromat-
ics (toluene and m-xylene), along with middle to large polar
solvents (ethyl acetate, ethanol, acetone, DMSO, and DMF).

Surface activity of the synthesized oil-soluble fluo-
rocarbon/hydrocarbon hybrid surfactants in organic
solvents

The surface activity of the oil-soluble fluorinated surfactant
in organic solvents can be evaluated by their surface tension
reduction value (Ay) (Li et al. 2009). This value represents the
difference between the surface tension of a pure organic solvent
(7s0men) and the surface tension of an organic solvent solution
after the addition of a specific quantity of surfactant (v,,;,ion)-
The formula to calculate this value is given by Eq. (1).

A)/ = Ysolvent — ¥solution (1)

Equation (1) reveals that the surface activity of the com-
pounds increases with higher Ay values and vice versa. The
present study aims to determine Ay values by measuring the
surface tension of the compounds in 12 organic solvents,
thereby assessing their surface activity in diverse solvents.
These oil-soluble fluorocarbon/hydrocarbon hybrid surfactants
possess differing fluorocarbon and hydrocarbon chain lengths
and solvency in organic solvents. Therefore, preliminary
exploration experiments were conducted which showed that
these surfactants demonstrate favorable solubility in small and
middle polar n-alkanes, cycloalkanes, and aromatics. At a con-
centration of 200 mM, the surface tension of these surfactants
can approach or reach the value at the critical micelle concen-
tration. Conversely, their solubility in large polar solvents is
poor, and 200-mM concentrations are already supersaturated.
To facilitate accurate comparison of the surface activity of
these surfactants in different organic solvents, we standardized
the concentration of surfactants at 200 mM, measured the sur-
face tension of the compounds in various organic solvents at
room temperature (¥,,;,:i,,) and calculated the surface tension
reduction value using Eq. (1).
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Measurement of oil/air interface parameters

The adsorption behavior of oil-soluble fluorocarbon/hydro-
carbon hybrid surfactants at the oil/air interface of can be
described by several parameters, including critical micelle
concentration (CMC), surface tension (yy,c) at the CMC,
maximum surface excess concentration (I',,,.), and the area
occupied by a single surfactant molecule (4,,;,) (Padoan et al.
2015). Previous investigations into the effect of reducing sur-
face tension demonstrated conclusively that these molecules
substantially reduced the surface tension of n-hexadecane,
m-xylene, and DMSO, suggesting that these solvents are ideal
models for studying the adsorption behavior of these com-
pounds at the surface of small polar n-alkanes, middle polar
aromatics, and large polar solvents like DMSO. The wide
solubility range of these surfactants in alkanes and aromat-
ics allows for a sample concentration range between 50 and
250 mmol, whereas their limited solubility in DMSO restricts
the concentration range between 0.1 and 15 mmol.

To investigate the adsorption behavior of oil-soluble fluo-
rocarbon/hydrocarbon hybrid surfactants, surface tension
measurements are performed at various concentrations, with
each concentration measured three times and the average value
used for constructing the Gibbs isothermal adsorption curve.
This curve illustrates the relationship between the surface ten-
sion and the concentration change of the surfactants and tends
toward equilibrium at a certain concentration, which corre-
sponds to the CMC with a surface tension of y . ')y and
A, can be calculated using Eq. (2) and (3) after a first-order
exponential descending nonlinear fitting of the Gibbs isother-
mal adsorption curve (Dai et al. 2013).

C (dy

r =-—|(=%

e (2),
1

Apin = NT 3)

max

where C is the concentration of surfactant, n=1 for non-
ionic surfactant, (dy /dC) is the slope in the Gibbs adsorp-
tion isotherm, R is the gas constant (8.314 J mol™' K™!), T
is the absolute temperature (298 K) and N is the Avogadro
constant (6.02 x 1023).

Results and discussion

Design and synthesis

As can be seen in Scheme 1, the target compounds FmHn
lack ionic heads yet are comprised of three structural parts:

an oleophobic perfluoroalkyl chain, a lipophilic alkyl
chain, and a bridging benzyl moiety. By manipulating the
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molecular design, a diverse array of non-ionic oil-soluble
hybrid surfactants featuring variable fluorocarbon and
hydrocarbon chains can be synthesized.

Application of varying perfluoroalkyl chain lengths as
oleophobic moieties heightens surfactant resistance to oil,
facilitating their release from the oil phase and boosting
their occupancy at the oil/air interface (Krafft and Gold-
mann 2003). This approach profoundly reduces the sur-
face tension of organic solvents, essentializing analysis of
the effect of fluorocarbon chain length on surface activ-
ity. Various alkyl chains augment surfactant solubility in
organic solvents, offering an avenue for studying the role
of hydrocarbon chain length on surface activity. Specifi-
cally, utilizing benzyl as a linker yields a semi-rigid back-
bone that supports vertical arrangement at the interface
while preserving rotational freedom, yielding a tightly
packed structure and high surface activity (Zhu et al.
2012). Furthermore, the n—=r interaction presents between
benzene rings and mitigates the mutual repulsion force
between fluorocarbon and hydrocarbon chains (Jung et al.
2002), fostering dense monolayer formation, thereby con-
tributing to improved surface activity (Fukushima et al.
1999). Amine groups can enhance surfactant solubility
in polar organic solvents. The molecular structure design
mentioned above can effectively address the surface activ-
ity requirements of these compounds in various organic
solvents.

Analysis of surface tension reduction

Surface activities of an oil-soluble fluorocarbon/hydro-
carbon hybrid surfactant were evaluated by measuring its
surface tension across diverse organic solvents at room
temperature, employing a 200-mM solution. A total of 12
solvents, encompassing small polar (n-hexane, n-decane,
n-hexadecane, cyclohexane, and decalin), middle polar
aromatic (toluene and m-xylene), and intermediate to
large polar (ethyl acetate, ethanol, acetone, DMSO, and
DMF) types, were employed. Ay values for these solvents
are provided in Table S1-S4 (Supplementary Materials).
To analyze the influence of fluorocarbon and hydrocarbon
chain lengths on surface tension in organic solvents, three-
dimensional plots were prepared showing Ay variations
versus the number of carbon atoms in respective chains
(Fig. 1). These aids in understanding the surfactant behav-
ior across different organic media.

Generally, increases in the fluorocarbon chain tend to
increase Ay values in organic solvents independent of the
solvent types, signifying enhancement in surface activity of
the compound via extending the fluorocarbon chain. Similar
pattern exists for fluorinated surfactants in water, indicating
solvophobic augment promotes adsorption at the solvent/air

interface. Reductions in solvent surface tension follow con-
sequently (Eastoe et al. 2001). Remarkably, the Ay values for
all organic solvents are lower than 19 mN/m, which is much
smaller than that of the aqueous solution of fluorinated sur-
factant (more than 50 mN/m). Two main reasons contribute
to this result. First, the organic solvents themselves exhibit
low surface tensions of 19-30 mN/m, while the surface ten-
sion of water is 72.75 mN/m at 25 °C, which can be reduced
by a greater margin (Li et al. 2009). Second, the free energy
required to transfer the — CF,— group from pure fluorocar-
bon to an alkane solution is approximately 1.4 kJ/mol, while
the free energy required to transfer — CF,— group from fluo-
rocarbon to water is 6.5 kJ/mol (Binks et al. 1997), reflecting
that fluorinated surfactants can be more easily adsorbed at
the water/air interface, and their effect in lowering the sur-
face tension of water is more apparent.

The variation of Ay with the hydrocarbon chain
length exhibits a complex pattern, with different trends
observed in different polar solvents. In n-alkanes,
with the exception of F4Hn in n-hexane, which shows
a decrease in Ay with increasing hydrocarbon chain
(e.g., 2.12—-51.97—-1.85—1.73 mN/m, Fig. la),
and F8Hn in n-alkanes, which exhibits a tendency to
increase and then decrease with increasing hydrocar-
bon chain (e.g., F8H16 in n-hexadecane with a Ay of
441 —>5.15—-7.29—-3.96 mN/m, Fig. Ic), all other
compounds tend to show an increase in Ay with increas-
ing hydrocarbon chain (e.g., Ay of F6H16 in n-decane is
2.21—2.28—>2.80—2.87 mN/m, Fig. 1b). The Ay of
the FmHn in cycloalkanes is broadly analogous to that in
n-alkanes, where Ay increases in proportion to the elonga-
tion of the hydrocarbon chain (e.g., for F4Hn in cyclohex-
ane, Ay range from 1.90 - 1.99 —2.08 —2.52 mN/m,
Fig. 1d) or exhibits an initial ascent followed by
a subsequent decline (e.g., for F6Hn in decalin,
Ay range from 1.37 —-1.61 -0.97 - 0.80 mN/m,
Fig. le; for F8Hn in cyclohexane, Ay range from
3.96 —>5.22—6.84 —4.23 mN/m, Fig. 1d). Ay of FmHn in
aromatics varies with the length of the hydrocarbon chain in
two distinct patterns. The first scenario is an increase in Ay
followed by a decrease in Ay with a shorter length of fluo-
rocarbon chain (e.g., the Ay of F4Hn in toluene vary from
2.24—72.53—-2.34—2.03 mN/m, Fig. 1f, and that of F6Hn
in m-xylene range from 3.47 —7.93 —2.99 —2.47 mN/m,
Fig. 1g). The second scenario is a decline in Ay with an
extension of the hydrocarbon chain when the fluorocarbon
chain is longer (e.g., the Ay of F8Hn in toluene decreases
from 5.13 —5.08 -5 4.95 — 4.00 mN/m, Fig. 1f). In inter-
mediate to large polar solvents, Ay displays a gradual
decrease with the increase of the hydrocarbon chain
(e.g., the Ay of F4Hn in ethyl acetate decreases from
1.34—1.33 —-1.30—1.26 mN/m, Fig. 1h, the Ay of F6Hn
in acetone decreases from 3.12—2.94—2.78 —2.50 mN/m,
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Fig.1 Ay values versus the number of carbon atoms m and n in fluo-
rocarbon chain and hydrocarbon chain of oil-soluble fluorocarbon/
hydrocarbon hybrid surfactants in small polar n-alkanes (a: n-hexane,
b: n-decane, and c: n-hexadecane), cycloalkanes (d: cyclohexane and

Fig. 1j and that of F8Hn in DMF decreases from 14.54 — 13
.28 —12.04 — 11.64 mN/m, Fig. 11).

A scrutiny of the data presented above indicates three cor-
relations between Ay and hydrocarbon chain length: (1) Ay
progressively intensify with the increase of the hydrocarbon
chain; (2) Ay augments initially, followed by a decline as
the hydrocarbon chain increases; and (3) Ay progressively
diminishes with the increase of the hydrocarbon chain.
Despite the relatively straightforward trend exhibited by Ay
as the hydrocarbon chain length elongation, the rationale
behind such trend presents a more multifaceted conundrum,
potentially influenced by factors like the inherent polarity
of the employed organic solvent, the oleophobic—lipophilic
balance and the solubility of the compounds FmHn in vari-
ous organic solvents.
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e: decalin), middle polar aromatics (f: toluene and g: m-xylene), and
middle to large polar solvents (h: ethyl acetate, i: ethanol, j: acetone,
k: DMSO, and I: DMF), respectively

The molecular architecture of the compounds FmHn
incorporates both alkyl chains and benzene rings, rendering
the molecule with minimal polarity and pronounced lipo-
philicity, hence exhibiting excellent solubility in small polar
n-alkanes, cycloalkanes, and middle polar aromatic solvents.
Surfactants in the solvent must initially possess a certain
solubility, ensuring enough molecules are adsorbed at the
interface, thereby noticeably diminishing the surface tension
of the solvent. This elucidates why the Ay of most com-
pounds in n-alkane, cycloalkane, and aromatic solvents pro-
gressively intensifies with the increase of the hydrocarbon
chain; it is precisely due to the increase of the hydrocarbon
chain that the solubility of these compounds progressively
improves, and more surfactant molecules are accessible for
adsorption at the oil/air interface (Scheme 2a). Nevertheless,
the hydrocarbon chain should not be excessively long, as the
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Scheme 2 Illustration of possible adsorption states of oil-soluble fluorocarbon/hydrocarbon hybrid surfactants molecules at the oil/air interface:
a dense packing arrangement; b loose packing arrangement; ¢ excessive dissolution and less adsorption; and d less dissolution and adsorption

hydrocarbon chain exhibits a Zigzag configuration in the
solvent, and an excessively long hydrocarbon chain is prone
to bending, which escalates the steric hindrance between the
hydrocarbon chains (Cormanich et al. 2017), and results in
the surfactant molecules packing loosely during the interfa-
cial adsorption (Scheme 2b), culminating in the reduction
of the surface activity, which is why Ay increases initially
and subsequently diminishes with the increase of the hydro-
carbon chain. Significantly, due to the minimal polarity of
these compounds, robust lipophilic properties, and favorable
solubility within low-polarity n-alkanes and cycloalkanes,
a potent oleophobic perfluorooctyl chain is required for effi-
cient interfacial adsorption. As solvent polarity escalates, the
solvophilicity of these lower polarity compounds declines;
yet, owing to their shared aromatic rings with the solvent,
the compatibility remains excellent, permitting continued
good solubility in aromatics. Hence, an intense oleophobic
fluorocarbon is not necessary to promote satisfactory inter-
facial adsorption of these compounds, accounting for the
reason why the compound F8H12 exhibits the most superior
surface activity among n-alkanes and cycloalkanes, while
in aromatics, it is the compound F6HS that exhibits the pin-
nacle of surface activity.

Presence of two scenarios exists wherein the increment
in the hydrocarbon chain results in a decrease in Ay, notably
for F4Hn n-hexane solutions, which might correlate with
the excessive solubilization of F4Hn within n-hexane and
enhanced mutual miscibility and compatibility between the
fluorocarbon chain and short chain alkanes (Binks et al.
1995). Moreover, the significantly diminished solvopho-
bic characteristic of the perfluorobutyl chain enhances the
likelihood that an increase of the hydrocarbon chain would
simply increase the solubility of surfactant molecules instead
of promoting their adsorption at the interface (Scheme 2c).
Similarly, FmHn solutions in ethyl acetate, ethanol, acetone,
DMSO, and DMF also exhibit this phenomenon, likely

attributed to the decreased solubility of FmHn in these
middle to large polar solvents. The longer the hydrocarbon
chain, the less polar the FmHn become, thereby reducing
their solubility in highly polar organic solvents and subse-
quently decreasing the number of molecules adsorbed at the
interface, thereby manifesting a diminished surface activity
(Scheme 2d). Hence, FmH4 demonstrates superior surface
activity in such solvents. Furthermore, an intriguing phe-
nomenon emerges. Intuitive comprehension presumes that
the solubilities of low-polarity compounds within the high-
polarity DMSO and DMF should be exceedingly minute,
leading to their Ay comparable with those present in ethyl
acetate, methanol, or acetone. Instead, it transpires that these
values exhibit the greatest degree in the DMSO and DMF
solvents. Such disparity may result from two aspects: First,
the surface tensions inherent in DMSO and DMF are notably
higher among various organic solvents, therefore showing
potential for significant reduction; second, both DMSO and
DMF have garnered reputations as “all-purpose solvents” (Li
et al. 2009), displaying exceptional dissolving capability of
compounds FmHn, in conjunction with pronounced solvo-
phobic tendencies, contributing to a superior Ay compared
to other solvents.

Following the analysis of Ay values in relation to hydro-
carbon chain length, it can be known that the variation in
Ay with hydrocarbon chain length is influenced by several
factors, including the solvation effect, molecular packing at
the interface, and the inherent polarity of the solvents. In
solvents with low polarity, an increase in the hydrocarbon
chain length generally enhances the solubility of the sur-
factant, leading to a more pronounced reduction in surface
tension due to improved adsorption at the oil/air interface.
However, as the hydrocarbon chain extends beyond a certain
point, steric hindrance can disrupt the compact molecular
arrangement, reducing the efficiency of surface coverage
and thus the Ay values. Conversely, in highly polar solvents,
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the longer hydrocarbon chains may not be as beneficial due
to decreased solubility. Here, the surfactants with shorter
hydrocarbon chains exhibit greater surface activity, as they
can more readily adsorb at the interface without the hin-
drance associated with longer chains. This behavior under-
scores the delicate balance between hydrocarbon chain
length and solvent polarity in dictating the surface properties
of fluorinated surfactants.

From the foregoing examination, even though an ideal
oil-soluble fluorinated surfactant suitable across the gamut
of organic solvents remains elusive, certain guidelines along
the lines of “polarity—directionality” strategies can be estab-
lished. (1) Within low-polarity n-alkanes and cycloalkanes,
fluorinated surfactants possessing longer fluorocarbon and
hydrocarbon chains exhibit superior surface activity (e.g.,
F8H12); (2) within middle polarity aromatics, the one fea-
turing shorter fluorocarbon and hydrocarbon chain demon-
strate enhanced surface activity (e.g., FOH8); and (3) within
high-polarity solvents, compound with prolonged fluorocar-
bon and shorted hydrocarbon chain display elevated surface
activity (e.g., F8H4), while those with shorted fluorocarbon
chain length combined with hydrocarbon (e.g., F6H4) also
qualify, given the ecological implications of long fluoro-
carbon chains. Moreover, constituents having perfluorobu-
tyl chain typically manifest diminished surface activity in
organic solvents, while incorporating benzene ring into the
molecular framework of surfactants does amplify the sur-
face activity, corroborating the soundness of our molecular
structure design philosophy.

Adsorption behavior at oil/air interface of sur-
factant molecules

The self-assembly of hydrocarbon/fluorocarbon amphiphiles
in organic solvents offers a great potential for applications
in low interfacial energy fields such as coating materials
in microelectromechanical systems (Huang et al. 2004).
In this paper, oil-soluble fluorocarbon/hydrocarbon hybrid
surfactants are designed and synthesized to exhibit surface
activity in organic solvents of various polarities. Studying
the adsorption behavior of these surfactants at the oil/air
interface provides theoretical support for comprehending
their structure—activity relationships and self-assembly prop-
erties in organic solvents. To this end, small, middle, and
large polar solvents (n-hexadecane, m-xylene, and DMSO,
respectively) were chosen as representatives, and the criti-
cal micelle concentration (CMC), surface tension (y ) at
the CMC, maximum surface excess concentration (I",,,.),
and the area occupied by a single surfactant molecule (4,,;,)
interfacial parameters were determined and calculated by the
tensile method to investigate the adsorption behavior of the
surfactants at the oil/air interface (Fig. 2 and Tables 1, 2 and
3). These three solvents were selected due to their larger Ay,
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making them conducive to plotting Gibbs isothermal adsorp-
tion curves, and their frequent use in previously published
literature on surface activity and aggregation behaviors of
oil-soluble fluorinated surfactants (Li et al. 2009, 2010;
Read and Wang 2012).

The CMC is not immediately correlated with the y,,- but
instead to the molecular architecture, polarity, oleophobic-
oleophilic balance, solubility within the organic solvents,
and polarity of the solvents, resulting in an intricate oscilla-
tion of the CMC with increasing fluorocarbon and hydrocar-
bon chain length. Typically, an increase in the fluorocarbon
chain length is associated with improved surface activity due
to enhanced solvophobicity, which would lead to a decrease
in CMC. However, the results indicate a contrary trend,
which may be attributed to the unique molecular design of
the surfactants used in this study. The presence of a benzyl
group as a linker could influence the amphiphilic properties
of the surfactants, affecting their solvation and interfacial
behavior in the selected solvents. Consequently, this may
lead to an increased CMC despite the extended fluorocarbon
chain. Furthermore, the increased lipophobicity with longer
fluorocarbon chains might also reduce the solubility of the
surfactants in certain solvents, necessitating higher concen-
trations for micelle formation. Nonetheless, it is unequivo-
cally noted that the CMC for these compounds in DMSO is
three orders of magnitude less than that present in n-hexade-
cane or m-xylene (for instance, the CMC of the compound
F8H4 in DMSO is 7.8 x 10~ mol/L, while its counterpart
in n-hexadecane or m-xylene has a CMC of 1.56x 10~! and
1.97 x 107! mol/L, respectively). This unequivocally implies
that the compounds exhibit exceptional ability in generating
micelles within DMSO. Such capabilities could potentially
correlate with the adsorption behavior of these compounds
at the oil/air interface.

The values of ', and A, ;, reflect the degree of pack-
ing and orientation of the adsorbed surfactant molecules at
the interface. Larger I',, . and smaller A,,;,, means that there
are more surfactant molecules adsorbed on the surface of
the solution, which also means a lower surface tension (Li
et al. 2009). In DMSO solution, these compounds exhibit
superior I, values while simultaneously exhibiting dimin-
ished A,,;, values when compared with their counterparts in
n-hexadecane and m-xylene. For example, compound F§H4
displays aT’,,, value of 5.30x 10 mol/m* and an A,,,;, value
of 0.31 nm* in DMSO; however, its T, and 4,,, values
in n-hexadecane and m-xylene measure 7.66 x 1077 and
8.57x107° mol/m?, 2.17 and 1.94 nm?, respectively. These
findings corroborate that these surfactants possess a higher
number of molecules adsorbed at the DMSO/air interface
and are arranged more densely, a trait directly linked to their
suitable oleophobic-oleophilic balance in DMSO. Conse-
quently, it rationalizes the significant deviation in CMC
values across DMSO. In DMSO, these surfactants exhibit
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Fig.2 Surface tension as a function of the concentration for oil-soluble fluorocarbon/hydrocarbon hybrid surfactants FmHn in n-hexadecane:
a—c, m-xylene, d—f and DMSO, and g-i at 25 °C, respectively

Table 1 Oil/air interfacial parameters of FmHn in n-hexadecane at

25°C

Table 2 Oil/air interfacial parameters of FmHn in m-xylene at 25 °C

Compouds CMC (mmol/L) yeyc(mN/m) T,

F4H4
F4HS
F4H12
F4H16
F6H4
F6HS
F6H12
F6H16
F8H4
FSHS
F8HI2
F8H16

153.01
155.91
165.47
169.28
187.04
191.74
196.83
197.75
156.39
172.61
181.21
190.50

25.94
25.61
25.41
25.32
24.58
24.05
22.73
21.89
22.86
22.13
20.04
23.38

A, (nm?) Compouds ~ CMC Yeme Fm‘”(l(z)_7 A,;,(nm?)

(10”7 mol/ (mmol/L) (mN/m) mol/m~)

m’) F4H4 140.81 26.54 3.49 4.76
251 6.62 F4H8 171.91 25.62 5.01 3.32
278 5.98 F4H12 136.95 26.83 3.63 4.58
3.29 5.05 F4H16 124.94 26.96 1.89 8.79
3.74 4.44 F6H4 190.71 24.81 7.08 2.35
6.72 2.47 F6H8 195.82 20.66 11.51 1.44
8.11 2.05 F6H12 184.13 25.38 7.06 2.35
9.67 1.72 F6H16 171.65 26.06 3.84 4.33
9.83 1.69 F8H4 197.48 24.30 7.66 2.17
8.57 1.94 F8H8 189.80 24.49 6.06 2.74
8.72 1.90 F8HI12 183.35 24.76 5.28 3.15

13.55 1.23 F8H16 162.08 25.28 5.21 3.19
8.85 1.88
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Table 3 Oil/air interfacial parameters of FmHn in DMSO at 25 °C

Compouds CMC (mmol/L) ycyc(mN/m) I, A, i(nm?)

(107 mol/

m?)
F4H4 433 28.34 3.91 0.42
F4HS8 7.17 28.56 3.31 0.50
F4H12 1.13 29.93 2.50 0.66
F4H16 1.08 31.38 2.44 0.68
F6H4 1.16 26.74 4.51 0.37
F6HS 1.06 27.07 3.37 0.49
F6H12 0.78 30.86 2.26 0.74
F6H16 0.78 34.29 1.85 0.90
F8H4 0.79 25.59 5.30 0.31
F8HS8 0.78 28.24 1.22 1.36
F8H12 0.79 31.65 0.98 1.70
F8H16 0.63 34.08 091 1.83

pronounced dissolution and adsorption properties at the
interface, giving rise to a disproportionately stronger dis-
solution propensity compared to adsorption predilection in
n-hexadecane and m-xylene.

A discernible correlation exists between I',,,, and A,,;,
parameters along with the lengths of the fluorocarbon and
hydrocarbon chain. Within the context of smaller polar
n-hexadecane, substances possessing longer fluorocarbon
and hydrocarbon chain exhibit increased I',,,, and dimin-
ished A,,;, (e.g., compound F8H12, Table 1), attributed to
the superior solvophobicity facilitated by longer fluorocar-
bon chain and augmented solubility by longer hydrocarbon
chain, culminating in an elevated and dense arrangement
of surfactant molecules at the n-hexadecane/air interface.
Nonetheless, the hydrocarbon chain length should be judi-
ciously controlled, as excessive kinking imparts steric hin-
drance, thereby inhibiting the dense packing of surfactant
molecules (e.g., compound F8H16, Table 1). In m-xylene,
as solvent polarity intensifies, the solvophobic force of the
compounds escalates; hence, the fluorocarbon chain length
might not mandate elongation for providing adequate solvo-
phobic force. Pertinently, the introduction of benzene ring
ensures retention of good solubility in aromatics. Here, sub-
stances with shorter, inflexible hydrocarbon chain exhibit the
highestI',,,. and lowest A, ;, values (e.g., compound F6HS,
Table 2). As the solvent polarity amplifies further, the solu-
bility of compounds in methanol, acetone among other sol-
vents plummets, the propensity to bend diminishing with
the increase of the hydrocarbon chain. Nevertheless, in the
so-called “all-purpose solvents”, DMSO, solubility remains
robust, even at a concentration of 200 mM, thus necessi-
tating an elongated fluorocarbon chain to sustain adequate
solvophobic force. Hence, substances with a protracted fluo-
rocarbon chain and shorter hydrocarbon chain exhibit the

@ Springer

highest I, and lowest A
Table 3).

From the insights derived from the aforementioned data,
it can be ascertained that the adsorption profile of oil-soluble
fluorocarbon/hydrocarbon hybrid surfactant molecules at
the oil/air interface is fundamentally consistent with those
derived from the surface tension reduction analysis, provid-
ing a corroboration for the “polarity—directionality” strate-
gies proposed previously. For the oil-soluble fluorocarbon/
hydrocarbon hybrid surfactants devised in this study, it is
feasible to screen the compounds with appropriate structures
contingent upon the magnitude of solvent polarity, to maxi-
mize the reduction in surface tension of organic solvents.

values (e.g., compound F8H4,

min

Conclusions

Twelve oil-soluble fluorocarbon/hydrocarbon hybrid sur-
factants constructed from various fluorocarbon chain types
(inclusive of perfluorobutyl, hexyl, and octyl) and hydrocar-
bon chain lengths (including butyl, octyl, dodecyl, and hexa-
decyl), accompanied by benzyl bridge groups, have been
synthesized, subsequent to which their respective surface
activity was meticulously evaluated via the surface tension
reduction approach across a comprehensive range of organic
solvents (spanning small, middle, and middle-to-large polar
organic solvents). The “polarity—directionality” strategies
have subsequently been postulated. As per solvent polar-
ity characteristics, appropriate molecules could be tailored
to drastically reduce the surface tension of various organic
solvents, such as compound F812 in small polar n-alkanes
and cycloalkanes, compound F6HS8 in middle polar aromat-
ics, and compound F8H4 or F6H4 among middle to large
polar solvents. Furthermore, the absorption tendencies of the
substances across the interface between the solvent and air
were scrutinized utilizing specific organic solvents (n-hex-
adecane, m-xylene, and DMSO) encompassing diverse
polarity levels, thereby validating the effectiveness of the
“polarity—directionality” strategies. These outcomes align
with those derived from surface tension reduction evalua-
tions. Although an impeccable “panacea substance” appli-
cable for all organic solvents has not surfaced, the “polar-
ity—directionality” strategies alleviate this disadvantage,
concurrently proffer a novel perspective for the formulation
and creation of oil-soluble fluorinated surfactants. Reduc-
ing the surface tension of organic solvents surpasses that of
water, and substances comprising lengthy perfluorocarbon
chains typically exhibit robust surface activity in organic sol-
vents. Nonetheless, judicious molecular framework design
makes that certain short perfluorohexyl compounds exhibit
commendable surface activity in aromatic hydrocarbons and
large polar organic solvents, representing a minor milestone
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toward synthesizing oil-soluble surfactants with shorted per-
fluorocarbon chains.
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