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balance of perfluorinated surfactants
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This paper describes the influence of the HLB value
of perfluorinated block-copolymer-hased surfactants
on the stability of water-in-perfluorinated oil drops.
It demonstrates that water-in-perfluorinated
oil drops are most stable if the HLB value of the
surfactants is around 2.5.
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Emulsions are omnipresent in our everyday life; for example, in food, certain drug
and cosmetic formulations, agriculture, and as paints. Moreover, they are frequently
used to perform high-throughput screening assays with minimum sample volumes.
Key to the successful use of emulsions is a good drop stability. Most frequently,
drops are stabilized with surfactants composed of hydrophilic and hydrophobic parts.
Appropriate surfactants are often selected based on the ratio of their hydrophilic to
the hydrophobic parts, their hydrophilic-lipophilic balance (HLB), which determines
their solubility. However, how the HLB value of perfluorinated surfactants influences
the emulsion stability remains to be determined. To address this question, we report
a benign and cost-effective synthesis of diblock-copolymer surfactants that consist
of a perfluorinated block covalently linked to a hydrophilic poly(ethylene glycol) (PEG)-
encompassing block. The compositions of the fluorophilic and hydrophilic blocks
are very similar to those of commercially available triblock-copolymer surfactants
commonly used within the microfluidic community that employs poly(dimethylsiloxane)
(PDMS)-based devices. By deliberately tuning the ratio of the hydrophobic to the
hydrophilic blocks of our diblock-copolymer surfactants, we obtain HLB values
varying between 0.9 and 3.3. We demonstrate that the best emulsion stability is
obtained if the molecular weight ratio of the hydrophobic to the hydrophilic blocks is
between 5 and 7, corresponding to HLB values between 2.5 and 3.3. Importantly, our
cost-effective surfactant displays a similar performance to that of the rather costly
commercially available Pico-Surf surfactant. Thereby, this study presents guidelines
for a cheap, benign, and targeted synthesis of appropriate perfluorinated surfactants
that efficiently stabilize water-in-perfluorinated oil emulsions.

Introduction

© The Author(s), under exclusive license to the Materials Research Society 2024

Emulsions are drops dispersed in a second
immiscible liquid. Many emulsions are
thermodynamically unstable because they
possess a much higher interfacial area than
a phase-separated system composed of the
same types and volume ratios of fluids. As
a result, most of these emulsions tend to
coalesce.! The coalescence can be delayed
if drops are stabilized with ionic and non-
ionic low-molecular-weight surfactants,>

nanoparticles,* proteins,’ and appropriate
polymer-based surfactants.®

The emulsion stability depends on the
choice of the oil and aqueous phase, the
composition and concentration of surfactants
present in the continuous phase, which also
influences their adsorption kinetics, the sur-
rounding conditions such as temperature,
pH, and the composition and concentration
of solutes present in either of the phases.’
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Unfortunately, the selection of appropriate surfactants is in
many cases rather empirical, often rendering the formulation
of new emulsions time- and resource-consuming.

Drops possessing well-defined sizes are frequently fabri-
cated with poly(dimethylsiloxane) (PDMS)-based microflu-
idic devices.® These aqueous drops are typically dispersed in
a perfluorinated oil for its compatibility with PDMS.’ Such
drops are most frequently stabilized with block-copolymer
surfactants composed of a hydrophilic, PEG-containing
block that is covalently linked to one or two fluorinated
blocks.!*!2 These drops are used to analyze or handle mini-
mum amounts of reagent volumes, for example for DNA
analysis,'3 cell sorting,'*!> drug discovery,'®!” cell fusion,'®
diagnostics,'” biological assays,?” and chemical synthesis.?!
To address the diverse needs of these applications in terms
of drop stability and compatibility with a wide range of
encapsulants, perfluorinated surfactants possessing differ-
ent functionalities, including perfluoroalkyl carboxylates,?
perfluoroalkyl sulfonates,?® and perfluoropolyethers,?4-2
with hydrophobic-to-hydrophilic block ratios ranging from
3 to 40, corresponding to HLB values ranging from 0.5 to
4.2 have been introduced. The most commonly used sur-
factants have been commercialized, thereby making this
surfactant accessible to a larger community, albeit at rather
high costs. Unfortunately, guidelines on the selection of the
most appropriate fluorinated surfactant are still missing such
that in many cases, different types of surfactants must be
tested before emulsions displaying an appropriate stability
are obtained. This empirical surfactant selection is rather
costly and time-consuming.

Here, we introduce a cost- and energy-efficient synthesis
of perfluorinated diblock surfactants. We systematically study
the influence of the HLB value of perfluorinated diblock sur-
factants on their packing density and the interfacial tension
and relate these parameters to the emulsion stability. These
studies reveal an optimum HLB value for these perfluori-
nated diblock-copolymer surfactants of 2.5, independent of
surfactant concentration.

Results and discussion

To stabilize water-in-oil emulsions, we synthesize oil-soluble
block-copolymer surfactants and deliberately vary the molec-
ular weight ratio of their hydrophobic to hydrophilic blocks.
To ensure the surfactant is soluble in the oil, we chose block
ratios leading to HLB values below 10. We use a model sur-
factant consisting of a perfluorinated block, Krytox, that we
covalently link to a hydrophilic, poly(ethylene glycol) mono
methacrylate (PEGMMA) block through an esterification
reaction, as schematically shown in Figure 1a and detailed
in Supplementary information (SI) Figure S1. We activate the
carboxylic acid at the end of the perfluorinated block using
oxalyl chloride, chosen for its milder reactivity compared to
the commonly utilized thionyl chloride. This activation takes
place at room temperature, obviating the need for reflux or
solvents. Any residual oxalyl chloride is removed using a
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rotary evaporator, eliminating the requirement for energy-
consuming high-temperature synthesis or cryogenic baths.
The activated Krytox FSH is reacted with PEGMMA, dis-
solved in dichloromethane (DCM), and refluxed at 65°C. The
resulting surfactant is purified through a series of centrifuge
washes before it is freeze-dried. We confirm the successful
coupling of the surfactants through Fourier transform infra-
red (FTIR) and nuclear magnetic resonance (NMR) spec-
troscopy, as shown in SI Figure S2a—d and S3, respectively.
To avoid covalent cross-linking of the perfluorinated block
on both sides of the hydrophilic block, which would lead
to the formation of triblock surfactants, we choose a mono
methacrylated PEG. We employ hydrophobic, commercially
available Krytox blocks with molecular weights of 2500 g/
mol and 7500 g/mol and hydrophilic commercially available
PEGMMA blocks with molecular weights of 360 g/mol and
500 g/mol. By coupling the different commercially available
hydrophobic and hydrophilic blocks in the four possible com-
binations, we obtain surfactants with molecular weight ratios
of their hydrophobic to the hydrophilic blocks ranging from
5 to 21, corresponding to HLB values between 0.9 and 3.3,
as illustrated in Figure 1b.

Our process offers a remarkable cost advantage. We can
produce these surfactants at up to tenfold lower costs com-
pared to those associated with the purchase of commercially
available alternatives, such as Pico-Surf and FluoSurf. Note
that the blocks our surfactant is built from are very similar or
identical to those used to synthesize commercially available
perfluorinated surfactants. However, most commercially avail-
able fluorinated surfactants are primarily composed of triblock
copolymers, in stark contrast to our surfactant that is a diblock
copolymer.
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Figure 1. (a) Molecular structure of the diblock-copolymer sur-
factants composed of a hydrophobic Krytox block and a hydro-
philic PEGMMA block with (b) the molecular weights (MW) of the
different blocks, the molecular weight ratio of the hydrophobic to
hydrophilic blocks, and their corresponding hydrophilic-lipophilic
balance (HLB) values.
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All the reported surfactants are soluble in perfluorinated
oils, such as HFE7100. Yet, we expect the ratio of the hydro-
phobic to hydrophilic blocks of these surfactants to influence
the interfacial tension between water and HFE7100. To test
this expectation, we quantify the interfacial tension between
water and the surfactant-containing oil through interfacial ten-
sion measurements. We fix the surfactant concentration at 1
wt%, corresponding to molar concentrations ranging from 2
to 4 mM. These values exceed the critical micelle concentra-
tions of all the tested surfactants, as shown in SI Figure S4.
Indeed, the interfacial tension decreases with increasing ratio
of the hydrophobic to the hydrophilic blocks until the HLB
value reaches 2.5, whereafter the interfacial tension slightly
rises again, as shown in Figure 2a. This minimum interfacial
tension value is obtained for the surfactant with a HLB value
of 2.5. It is very similar to that achieved with the commercially
available surfactant Pico-Surf that exhibits an interfacial ten-
sion of 5 mN/m. Yet, we cannot accurately determine the HLB
value of the commercial surfactant as its exact composition
and purity is unknown.

According to the Bancroft’s rule, emulsions are more stable
if the surfactant is dissolved in the continuous phase, which in
our case is the 0il.>” A HLB value of at most 3.3 assures a good
solubility of the surfactant in the oil. We expect the hydro-
philic block to be sufficiently long to ensure some anchoring
of the surfactant at the liquid—liquid interface yet, to be suffi-
ciently small to allow a dense packing at this interface. To test
this expectation, we quantify the surfactant packing density
at the water—air interface using Langmuir trough isotherms
and plot this parameter as a function of their HLB values.
Remarkably, the packing densities of all the tested surfactants
are similar, 0.14+0.02 nm ™', as shown in Figure 2b. We assign
this result to the hydrophilic blocks whose radii of gyration
vary between 0.30 nm and 0.33 nm, such that their volumes,
which limit the surfactant packing density in our Langmuir
trough setup, are rather similar.

To compare the packing density of our surfactants to that
of commercially available counterparts, we quantify the
packing density of the commercially available surfactant
Pico-Surf. Remarkably, Pico-Surf exhibits a packing density

0f0.3340.02 nm 2, which is twofold
higher than what we observe for our
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0.3 . .
€20 - factants is challenging due to the lack
Z S of information regarding the composi-
§15 02 tion and purity of the Pico-Surf sur-
2 L £ factant. Nevertheless, the significant
\ / S . . . .
2 10 N X - ® I I = difference in packing density suggests
3 201 that Pico-Surf contains a large fraction
% ° e of triblock copolymers.
S ol ) 00 ) ) o Emulsion stability is closely tied to
09 13 25 33 43 0.9 1.3 25 33 interfacial tension, which, in turn, is
HLB Value [ HLB Value linked to the molecular composition
0.6 of surfactants. To assess how the HLB
B values of our perfluorinated diblock-
c1esr O ® < copolymer surfactants influence the
> L \ L = o . .
% 7 \ T To4p stability of water-in-oil drops, we form
(.‘/‘_; 481 ® g monodisperse single emulsion drops
s T S using a microfluidic flow focusing
— oy L . .
2 8¢ 7 2 0-2 device. The drops display an average
£ he.._. 5 diameter of 100 um and a standard
] . e .
. ; — O 4ol . , deviation of 18 um, independent of the
0.9 1.3 25 33 43 ’ 1 10 100 :
! diblock-copolymer surfactant used to
HLB Value Time (h) - o
stabilize them. To prevent liquid evapo-
ration, which would affect the stability
Figure 2. (a) Interfacial tension between water and HFE7100 containing 1 wt% surfactant, of the emulsions, we immerse them in
and (b) packing density of surfactants at the water—air interface. (c) Stability of water-in-oil .
drops produced with microfluidic devices stabilized with 1 wt% (orange-filled circle) and an excess OfHFE7100 and t_lghtly cover
5 mM (magenta half-filled circle) of different surfactants as a function of their hydrophilic— the samples with an adhesive film. As
lipophilic balance (HLB) values. (d) Coefficient of variation measured from 1 h to seven days expected, emulsion drops that are not
for emulsion drops stabilized with surfactants with HLB values of 0.9 (orange-filled circle), tabilized with factant 1
1.3 (yellow-filled circle), 2.5 (gray-filled circle), and 3.3 (green-filled circle). Emulsions stabrhized with any surtactant coalesce
stabilized with surfactants with HLB values of 1.3 and 3.3 phase separate after 48 h and within seconds, as shown in SI Figure
seven days, respectively. Blue-filled circles correspond to the coefficient of variation of S5. Drops stabilized with surfactants
water-in-mineral oil emulsions that have been stabilized with a commercially available that 1 the interfacial t . ¢
hydrocarbon-based surfactant, Span80. Each experiment was repeated three times. at lower the interfacial tension to
around 20 mN/m are only stable for up
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to 1 h, as indicated by the rapidly increasing coefficient of vari-
ation in Figure 2d. By contrast, emulsion drops with interfacial
tensions of 13 and 9 mN/m are stable for two and seven days,
respectively, as shown in Figure 2c. As a consequence of the
good emulsion stability, their coefficients of variation remain
within experimental error unchanged over at least seven days, as
shown in Figure 2d. Importantly, the emulsion stability does not
significantly change if we increase the surfactant concentrations
to 5 mM, as shown in SI Figure S6. These results suggest that
the emulsion stability is primarily determined by the composition
of the surfactants and not by their concentration, as long as the
surfactant concentration exceeds its CMC.

To test if the emulsion stability depends on the oil
composition, we exchange HFE7100 with HFE7500.
HFE7100 is a mixture of linear methoxyperfluorobutane
and branched methyl nonafluoroisobutyl ether. By contrast,
HFE7500 is mainly composed of a branched compound,
2-(trifluoromethyl)-3-ethoxydodecafluorohexane, such that it
has a much higher boiling point. Despite the different chemical
composition of the oil, emulsions stabilized with the FSL-
PEGMMA360 surfactant remain intact for up to seven days,
as shown in SI Figure S7. This result indicates that the oil
composition does not significantly affect the emulsion stabil-
ity, as long as the surfactant possesses a high solubility in it.

To compare the stability of emulsions produced with our
best surfactant to those produced with the commercially avail-
able Pico-Surf surfactant, we produced water-in-oil emul-
sions from an oil-containing 1 wt% Pico-Surf surfactant. We
monitor the emulsion stability over seven days using optical
microscopy. The stability of the emulsions achieved with our
best surfactant is very similar to that of emulsions produced
with the Pico-Surf surfactant, as shown in SI Figure S8.

Most industrially relevant emulsions encompass hydrocar-
bon oils. These emulsions must be stabilized with surfactants
containing hydrocarbon-based surfactants. Hydrocarbon-based
blocks have much lower molecular weights compared to fluori-
nated counterparts displaying similar dimensions. Hence, we do
not expect the optimum HLB value determined for perfluorinated
diblock copolymers to correspond to that valid for hydrocarbon-
based counterparts. To test this expectation, we assess the sta-
bility of water-in-mineral oil emulsions that are stabilized with
Span80, which has a HLB value of 4.3. We dissolve Span80 in
mineral oil at a concentration of 2 wt%, a concentration com-
monly used in the literature.”® These emulsions are stable for up
to seven days, as shown in SI Figure S9. This comparison shows
that our best fluorinated surfactant achieves emulsion stabilities,
which are similar to those of hydrocarbon-based emulsions stabi-
lized with a commercial hydrocarbon-based surfactant, Span80,
showcasing its effectiveness and versatility.

Conclusions

We synthesize four surfactants with varying molecular weight
ratios of perfluorinated to hydrophilic blocks, ranging from 5
to 21, such that their HLB values vary between 0.9 and 3.3.
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To achieve this goal, we introduce a cost-effective, scalable,
benign synthesis of diblock-copolymer surfactants composed
of a perfluorinated block that is covalently linked to a PEG-
containing block. We demonstrate that perfluorinated diblock
surfactants with HLB values between 2.5 and 3.3 lower the
interfacial tension between perfluorinated oils and water most
efficiently, leading to the best emulsion stability. Indeed, the
interfacial tension as well as the emulsion stability reached
with the best surfactant we tested are very similar to those
obtained for emulsions stabilized with the commercially avail-
able Pico-Surf surfactant. Yet, our surfactant is approximately
tenfold cheaper than the commercially available counterpart
and can be synthesized in batches as large as 10 g. These find-
ings offer crucial insights for the targeted, cost-effective syn-
thesis of optimized surfactants that efficiently stabilize water-
in-perfluorinated oil emulsions.

Materials and methods

All chemicals, namely anhydrous N,N-dimethylformamide
(DMF), dichloromethane (DCM), methanol (MeOH),
poly(ethylene glycol) methacrylate (MW 360 and 500 g/mol),
hexafluorobenzene, Span 80, and mineral oil (Sigma-Aldrich),
fluorinated blocks of the surfactants FSH and FSL (Krytox
157 FSH and Krytox 157 FSL, Chemours, USA), Pico-Surf
(Sphere Fluidics), and fluorinated oil HFE7100 (3M, USA),
are used as received.

FSX-PEGMMAX synthesis

Krytox FSX (5 g) is added to a round-bottom flask and
sealed using a septum. The catalyst, N,N-dimethylforma-
mide (1 drop) is added dropwise. Two mol equivalents
of oxalyl chloride are carefully added to the flasks drop by
drop using a syringe that has been purged with argon before-
hand. The resulting mixture is stirred at room temperature
for 4 h, yielding a faint yellow, somewhat opaque product.
Excess oxalyl chloride is removed by reducing the pressure
to 1 mbar (Hei-VAP, Heidolph, Germany), at 50°C for 2 h.
Subsequently, the activated FSX is dissolved in 10 mL of
HFE7100, leading to a clear, pale-yellow solution.

To couple PEGMMAX to Krytox, 1.1 mol equivalents of
PEGMMAX are dissolved in 5 mL of dry dichloromethane.
This PEG solution is combined with the activated Krytox
and left to reflux overnight at 65°C in an argon atmosphere.
This process results in a cloudy, white product. To purify
this product, it is dissolved in 2 mL of HFE7100, before
50 mL of methanol is added. This solution is centrifuged at
3000 rpm and 3°C for 15 min (Mega Star, 1.6R, VWR) to
precipitate the product. The liquid supernatant is removed,
and this washing procedure is repeated twice. The precipi-
tated product is vacuum-dried at a pressure of 1 mbar and a
temperature of 40°C for 30 min. The product is freeze-dried
overnight (FreeZone 2.5, Labconco, USA). The final product
has a white, cloudy appearance. FTIR spectra of the products
can be found in SI Figure S2a—d. NMR spectra confirming
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the purity and complete conversion of the starting materials
into the product, as evidenced by the disappearance of the
peak at =133 ppm in the product, can be found in SI Fig-
ure S3.%° We assign this complete conversion to a purity
of the surfactants synthesis close to 100 percent. Our syn-
thetic processes consistently result in yields between 70 and
80 percent. The complete synthetic reaction can be found in
SI Figure S1.

Pendant drop analysis

Interfacial tension measurements are conducted using the
pendant drop method. Each solution sample is introduced
into a 1 mL syringe and a 5 pL drop is analyzed using a
Kriiss DSA 30 drop shape analyzer. The Kriiss ADVANCE
software (v.1.6.2.0) facilitates drop creation and analysis.

Langmuir trough analysis

Using a Langmuir trough (KN2002, KSV Nima, Biolin Sci-
entific, Finland), we determine the mean molecular area of
the surfactants adsorbed on the air—water interface, approxi-
mating it to be similar to the area at the oil-water interface.
To measure the surface pressure, a paper Wilhelmy plate is
utilized. Before conducting the experiments, we ensure the
cleanliness of the trough and Wilhelmy plate by confirming
that the surface pressure remains below 0.3 mN/m when
closing the barriers without adding any surfactant.

A solution containing 0.1% wt% of the surfactant is dis-
solved in the oil, and then 75 pL of this solution is gradu-
ally added to the water—air interface. To guarantee complete
evaporation of the oil, we wait for 8 h before performing the
experiments by closing the barriers at a speed of 5 mm/min.
The minimum area occupied by the surfactant is identified
as the region where the slope of the surface pressure against
the mean molecular area exhibits for the first time a sharp
increase.?! The raw data can be found in SI Figure S10.

Fourier transform infrared spectroscopy

Each sample is purified and freeze-dried before it is ana-
lyzed. All spectra are recorded with a Spectrum 3 from
PerkinElmer. A background spectrum is recorded before
each sample.

Nuclear magnetic resonance

Samples are dissolved at 10 mg in 0.75 mL of hexafluor-
obenzene prior to analysis. All NMR spectra are recorded
using a spectrometer operating at 400 MHz (Bruker
AVANCE-400).

Microfluidic device fabrication

Masks for microfluidic devices are fabricated with soft
lithography using the negative photoresist SU-8 that is pat-
terned with photomasks following previously published

methods.>® To create the microfluidic devices, a mixture
of PDMS and curing agent (Dow Corning, USA) at a
weight ratio of 10:1 is poured into the master and poly-
merized overnight at 65°C. To prepare single water-in-oil
drop emulsions, the channel surfaces are rendered fluoro-
philic by injecting a HFE7100-based solution containing
2% trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-
Aldrich, USA) into all channels for a duration of 10 min.
The solution is removed from the channels and their surfaces
are dried with compressed air. The efficacy of this surface
treatment remains viable even after a three-month period
following its initial preparation.

Production of single emulsions
Single emulsions are produced in a microfluidic flow focus-
ing device with a channel cross section of 100 pm % 100 pm.
To create single emulsions, the outer oil phase is introduced
at a flow rate of 3000 pL/h using a syringe pump (Cronus
Sigma 1000, LabHut, UK). Simultaneously, the inner phase
is injected at a flow rate of 1000 puL/h using an identical
syringe pump. A short piece of tubing is connected to the
outlet of the microfluidic device and drops are collected
in an oil-containing vial before they are transferred onto a
microscopy slide to image them after 1 min, 1, 8, 48 h, and
seven days of storage, as displayed in SI Figure S11. Drops
were collected for 5 min, yielding approximately 100 pL of
the aqueous phase that is transformed into drops. This pro-
cess led to the production of over 200,000 individual drops.
HLB ratio: the HLB ratio was calculated using Equa-
tion 1, as previously reported.’!

HLB = 20 x (Mh/M), !

where M), is the molecular weight of the hydrophilic block and
M is the molecular weight of the whole molecule.
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