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Particle patterning

Abstract

The coffee-ring effect (CRE), which denotes the accumulation of non-volatile compounds at
the periphery of a pinned sessile drying drop, is a universal and ubiquitous yet complex
phenomenon. It is crucial to better understand and control it, either to avoid its various
deleterious consequences in many processes requiring homogenous deposition or to exploit it
for applications ranging from controlled particle patterning to low-cost diagnostics. Here,

we report for the first time the use of a reduction-oxidation (redox) stimulus to cancel the
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CRE or harness it, leading to a robust and tunable control of particle deposition in drying
sessile drops. This is achieved by implementing redox-sensitive ferrocenyl cationic surfactants
of different chain lengths in drying drops containing anionic colloids. Varying surfactant
hydrophobicity, concentration and redox state allows us not only to control the overall
distribution of deposited particles, including the possibility to fully cancel the CRE, but also
to modify the microscopic organization of particles inside the deposit. Notably, all other
parameters being fixed, this method allows the adjustment of the deposited particle patterns,
from polycrystalline rings to uniform disks, as a function of the oxidation rate. We show that
the redox control can be achieved either chemically by addition of oxidants, or
electrochemically by applying a potential for additive-free and reversible actuation in a closed
system. This correlation between the redox state and the particle pattern opens perspective for
both redox-programmable particle patterning and original diagnostic applications based on
the visual determination of a redox state. It also contributes to clarify the role of surfactant

charge and its amphiphilic character in directing particle deposition from drying suspensions.

Introduction

When a drop of a suspension of non-volatile compounds is deposited on a solid surface, its
evaporation leads to a ring-shaped deposit. This ubiquitous phenomenon, which occurs when
the contact line is pinned on the substrate, is called the coffee-ring effect (CRE).! It occurs
not only with practically any type of liquid containing non- volatile solutes like colloids,
nanoparticles, or proteins, but also with insoluble particle-laden liquids dissolving in another
partially miscible liquid phase (liquid-liquid CRE).? This has led to a rich literature devoted to
this phenomenon, which remains however not fully understood nor predictable because of its
multi-scale, multi-component and unsteady characters.>* As many technical processes are

relying on deposition of homogeneous layers of material during a solution evaporation, CRE



appears as a serious obstacle for a plethora of applications with deleterious impacts in
industrial fields ranging from inkjet printing® to biotechnologies.6® Conversely, it can be
seen as a tool®to organize particles on surfaces!®*2or an innovative solution for low-cost
diagnostic applications.**8 There is thus a general quest for methods to understand, cancel
and/or control this phenomenon. Perturbing evaporation or contact line pinning using external
triggers was shown to be efficient!®2! but is not easily implementable. In contrast, formulation
approaches by using proper additives, such as polymers or binary mixtures,?>?® offer easy
solutions but can perturb the system at high concentration and usually lack external
addressability. Among additives, surfactants are thus particularly interesting candidates, firstly
because they can be effective at a low concentration (typically micro- to millimolar). Indeed,
surfactants have been shown to be very efficient to control or cancel the coffee-ring effect,
either by creating interfacial energy gradients leading to Marangoni flows,?* or by inducing
particle adsorption at the drop water/air interface through a combination of electrostatic and
hydrophobic effects.®?>2 It is generally believed that a more hydrophobic surfactant is more
efficient, i.e., a lower concentration is needed, to affect or cancel the coffee- ring effect
because it has stronger surface activity and its cooperative assembly on oppositely charged
particles is favored. But what would happen for a surfactant of given chain length but
higher electrostatic charge, which would result in a lower hydrophobicity but higher
electrostatic interaction? This open question has yet to be solved if one wants to understand
how charged surfactants determine the patterns of particle deposits from drying suspension
drops. Secondly, some surfactants can be stimulus-responsive, thus offering the advantageous
possibility to dynamically tune their properties in a user-controlled fashion. This was for
instance successfully applied with photosensitive surfactants?”?® to efficiently photocontrol
the CRE® as well as to direct particle assembly on surfaces!?® using an external light

stimulus. Such an approach offered excellent and remote spatio-temporal control of particle



deposition from drying drops but required the implementation of azobenzene-containing
molecules as well as resilient to UV irradiation. Surprisingly, no other types of stimulus-
responsive surfactants have been explored as possible alternative to photosensitive ones, and
controlling the CRE has thus been mainly limited to more conventional formulation
approaches. To address the two-fold challenge of rationalizing the roles of surfactant
amphiphilicity and electrostatics in the CRE and exploring a totally new way of controlling it,
we studied for the first time the deposition pattern from aqueous sessile drops containing
particles and a surfactant with a charge and amphiphilic character that depend on its
reduction-oxidation (redox) state. Redox-sensitive surfactants have been investigated for
various applications, such as stimulus-responsive micelles and emulsions?®23, DNA
compaction® or interfacial flow control*>’, but have never been reported for directing the
deposition of particles in general nor controlling the CRE in particular. In this work, we
synthesized and characterized redox-sensitive cationic surfactants of different chain lengths
prior to analyzing the patterns obtained from evaporating drops containing anionic particles
and the synthesized surfactants at different concentrations and redox states. This allowed us to
efficiently control the drop deposition patterns, including the full cancelation of the CRE, with
a redox stimulus for the first time. At a fundamental level, this study also contributed to
disentangle the respective roles electrostatics and amphiphilicity in surfactant-based control

of particle deposition from drying drops.

Materials and methods

Materials. Milli-Q water (Millipore, 18.2 MQ-cm) was used for all experiments. A suspension of
negatively charged Polystyrene particles (diameter 1 um, concentration 4 wt. %) bearing a high
density of carboxyl functional groups on their surface was purchased from Life
Technologies (CML latex, catalogue number C37255) and used as received. Prior to each
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experiment, the particle suspension was mixed vortexing (1 min), sonicated in an ultrasound bath
(1 min) and vortexed again (30 s). Lithium sulfate monohydrate (CAS 10102-25-7, Merck,
purity > 99 %), iron (lll) sulfate (CAS 15244-10-7, Merck, purity > 97 %), iron (II) sulfate
heptahydrate (CAS 7782-63-0, Merck, purity > 99 %), trimethylamine solution (CAS 75-50-
342 M in ethanol), (6-bromohexyl)-ferrocene (CAS 136237-36-0, Merck), 11-
bromoundecanoic acid (CAS 2834-05-1, Merck, purity > 99 %), thionyl chloride (CAS 7719-09-
7, Merck, purity > 99 %), N,N-dimethylformamide (DMF, CAS 68-12-2, Merck, purity > 99%),
aluminum chloride (CAS 7446-70-0, Merck, purity > 99 %), ferrocene (CAS 102-54-5, Merck,
purity > 98 %), sodium borohydride (CAS 16940-66-2, Merck, purity > 98 %), toluene (CAS
108-88-3, Carlo Erba, purity > 95 %), dichloroethane (DCE, CAS 107-06-2, Carlo Erba, purity >
95 %), dichloromethane (DCM, CAS 75-09-2, Carlo Erba, purity > 95 %), ethanol (CAS 64-17-5,
Merck, purity > 98 %), heptane (CAS 142-82-5, Carlo Erba, purity > 95 %), petroleum ether 30-40
°C (PE, CAS 64742-49-0, Carlo Erba, purity > 95 %) and tert-butylmethyl ether (TBME, CAS
1634-04-4, Carlo Erba, purity > 95 %) were all used without purification. Tetrahydrofuran (THF,
CAS 109-99-9 Carlo Erba, purity > 98 %) was freshly distilled from a mixture with solid sodium

before use.

FeTAB+ synthesis. (6-ferrocenylhexyl) trimethyl ammonium bromide (FéTAB+) was synthetized
following procedure from Saji et al.s1 (see Fig. 2A). In a 25 mL round bottom flask, 1.8 mmol of (6-
bromohexyl)-ferrocene (1) was introduced. An excess of 3.4 mL trimethylamine in 4.2 M solution in
ethanol was added. Then, 3 ml of pure ethanol was added and the mixture was stirred for 5 days at
room temperature. The mixture was evaporated under vacuum at 40 °C to remove ethanol to get a
yellow oil. A yellow solid crystallized by addition of 3 ml of hexane. The solid was washed in 3
x 500 pL of hexane and dried under vacuum. Recrystallisation in a mixture 1:1 acetone: hexane
gave 617 mg of pure FeTAB-+(2) as yellow solid (yield 85.5 %°), :tH NMR (MeOD-D4) § 4.0-4.1 (m,

9 H, ferrocene), 3.3 (m, 2 H, -CH2-N+(CHz3)3), 3.1 (s, 9 H, - N+(CH3)3), 2.4 (t, 2 H, ferrocene-CH2-),
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1.8 (g, 2 H, -CH2-CH2N+(CHs)3), 1.3-1.6 (m, 16 H, - CH2-CH2-CH2-). IR data agreed with product
structure. The solid was permanently kept under Argon. By dilution in pure water, it gives a pure
reduced FeTAB- solution that slowly oxidize in time. The solubility of FéTAB+was determined to be

around 30 mM.

F11TAB-+ synthesis. Step 1. (11-ferrocenylundecyl) trimethyl ammonium bromide (Fi2TAB+) was
synthetized following the original procedure from Saji et al.s1 but with improvements (see Fig. 3A).
For the first step, the procedure was improved from Garcia-Barrantes et al.ss. In a 200 mL round-
bottom flask under argon and linked to a gas oil bubbler, 24.6 g of 11-bromoundecanoic acid (3) was
mixed with 20 mL thionyl chloride (1 eg.) in 110 mL of anhydrous toluene. Some drops of DMF
were added and the mixture was stirred for 3 hours at 40 °C. The reaction was followed using thin
layer chromatography (solvent toluene). The mixture was evaporated under reduced pressure, 20 mL
of toluene was added under argon and the mixture was evaporated again. The process was repeated
two times. Acyl chloride (4) was obtained as a slightly yellow residue and identified with 1tH-NMR
(CDCls) 6 1.3-2.3 (m, 16 H, Br-CH2-(CH2)s-CH2-COCI), § 2.9 (t, 2 H, -CH2-COCIl) and 6 3.4 (t, 2
H, -CH2-Br). Yield was 86 %.

Step 2. 20.4 g of acyl chloride (4) was dissolved in 100 mL anhydrous dichloromethane and 10.1 g
of aluminum chloride (1 eq.) was added. In another round-bottom flask under argon, 14.7 g of
ferrocene (1 eq.) was dissolved in 150 mL of anhydrous dichloromethane. Acyl chloride mixture was
then added dropwise to the ferrocene mixture for around 30 minutes at 0 °C. The resulting solution
was stirred for 1 hour at 0 °C and followed by thin layer chromatography (solvent toluene). When all
acyl chloride has disappeared, around 100 mL HCI 2 M was added gently until the solution stopped
to degas. Organic and aqueous phases were separated. The aqueous phase was extracted with three
fractions of 20 mL of tert-butyl methyl ether. Organic phases were dried with magnesium sulfate and
evaporated under reduced pressure. Product (5) was purified by a column chromatography (silica,
PE, then TMBE and DE) and was identified with 1H-NMR (CDClz) 6§ 1.2-1.5 (m, 10 H, Br-CHz-

CH2-(CH2)s-), 8 1.7 (M, 2 H, Br-CH2-CH2-(CH2)s-CH2-), § 1.8-1.9 (m, 2 H, Br-CH2-CH2-(CH2)s-), &
6



2.7 (t, 2 H, Fc-CO- CH2-), § 3.4 (t, 2 H, Br-CH2-) and 6 4.2-4.8 (3*s, 9 H, Fc-). Yield was 83 %.
Step 3. This step was slightly improved from Li et al. proceduress. In a 1 L round-bottom flask under
argon and equipped with a gas oil bubbler, 26.2 g of ferrocene carbonyl product (5) was dissolved in
66 mL of dry tetrahydrofuran. In a 500 mL round bottom flask under argon, 9.4 g of sodium
borohydride (4 eq.) and 16.3 g of aluminum chloride (2 eq.) were dissolved in 70 mL of dried
tetrahydrofuran. Then, the ferrocene carbonyl mixture was added dropwise during around one hour
at 0 °C with strong magnetic stirring under argon. The reaction was followed with thin layer
chromatography (solvent PE:DE 20:1). Then, 105 mL of water was added dropwise to the mixture at
0 °C with strong stirring. Warning: the reaction is highly exothermic. Once the mixture became less
reactive,150 mL of HCI at 1 M was added. Phases were separated and the aqueous phase was
extracted with three 20 mL fractions of PE. Organic phases were dried with magnesium sulfate and
evaporated under reduced pressure. A crude orange-yellow oil was obtained. Product (6) was
recrystallized in PE and filtrated through silica frittered glass and finally identified with 1H-NMR
(CDClI3) 6§ 1.2-1.6 (m, 12 H, Br-CH2-CH2-(CHz2)s-), 6 1.8-1.9 (q,2 H, Br-CH2-CH2-(CH2)s-), § 2.3 (t,
2 H, Fc-CH2-), § 3.4 (t, 2 H, Br-CH2-) and § 4.1 (s, 9 H, Fc-). Yield was 70 %.

Step 4. 17.7 g of alkyl bromide (6) was mixed with 100 mL of trimethylamine solution in ethanol (8
eg.) and 100 mL of THF. The mixture was stirred under reflux at 40 °C for one day.Then, it was
evaporated under vacuum. Product (7) recrystallized after mixing vigorously in TBME. It was
filtrated, dried overnight on a Schlenk line and identified with tH-NMR (MeOD- 4D) § 1.3-1.6 (m, 8
H, Br(CHs)sN-CH2-CH2-(CH2)s-), & 1.8 (g, 2 H, Br(CHs)sN-CH2-CHz-), & 2.32 (t, 2 H, Fc-CH2-), §
3.1 (s, 9 H, Br(CHs)sN-), 6§ 3.33 (t, 2 H, Br(CHs)sN-CH2-) and & 4.1 (5,9 H, Fc-). Yield was 99 %

and synthesis overall yield was 49 %.

Electrochemical properties. The electrochemical cell used was a 50 mL triple neck flat bottom
flask filled with a day-made 30 mL solution of 1 mM FeTAB with 100 mM Li2SOa as electrolyte.

The electrodes were a platinum disk (50 pm diameter) as the working electrode, a platinum wire (1



mm diameter) as the counter electrode and a silver reference electrode (REF) covered with silver
oxide. All electrochemical experiments were performed at room temperature using a potentiostat
PGSTAT 30 controlled by GPES4.9 software. Cyclic voltammetry was carried out between -0.25V
and 0.4V at 10 mV-s-1 scan rate, without stirring (Figure 2B). The same procedure was used for 2

mM FuTAB (Figure 3B).

Electrochemical oxidation. Experiments were performed at a constant potential using the same
electrochemical cell with a strong magnetic stirring. A platinum grid with a high surface area ~3 cmz
was used as the working electrode. The counter electrode was inserted in a separated compartment
filled with 100 mM Li2SOa electrolyte. The FeTAB solutions were oxidized to FeTAB2+ at E =

+0.25V or reduced to FeTAB+at E = -0.25V during 3600 s.

UV-visible absorbance and absorption coefficients. Absorbance spectra were obtained with Bio
Spectrophotometer (Eppendorf). For FanTAB solutions at various oxidation rates in pure water, water
was used as a reference. For FnTAB solution containing electrolyte Li2SO4 at 100 mM, a solution of
100 mM Li2SO4 was used as reference. Measurements were performed in 1 cm wide plastic cuvette.
Molar absorbance coefficient of FeTAB+ (reduced), FeTAB2+(oxidized), F11TAB+ (reduced) and
F11TAB2+ (oxidized) at 437 nm and 627 nm were deduced from absorbance spectra of solutions of
FnTAB (5 mM for n = 6; 2 mM for n = 11) in 100 mM Li2SO4 and at a defined oxidation rate

controlled by chronoamperometry (Fig. S2).

Chemical oxidation. Six mother solutions of 2 mM FnTAB were prepared in pure water. Each of
them had a different oxidation rate {0; 0.20; 0.40; 0.60; 0.80; 1} obtained by addition of equivalent
quantity of iron (I11) ion from Fe2(SOa)s. The iron (I11) reacted fast and totally with FnTAB- to give
iron (1) and FnTAB2+ (Fig. S3). A series of control solutions was made without FnTAB and with

water and iron (111) at the corresponding concentrations.



Sample preparation and drop deposition. Mother FnTAB solutions (2 mM), oxidized if necessary,
as described above, were diluted in water and mixed with particle suspension to get the desired
FnTAB concentration and a final particle concentration of 4 mg-mL-1. All drops have been deposited
in a volume of 1 pL (Eppendorf micropipette) on rectangular glass coverslips (24x 60 mm, Menzel-
Glaser) for all experiments except for scanning electron microscopy (SEM) where circular glass
coverslips (Menzel-Glaser, 1.5 cm in diameter) were used. Drop evaporation was achieved at 21 + 2
°C and 45 + 10 % relative humidity under a box to avoid air flow and dust contamination during

drying.

Drops and deposits observation. All the samples have been observed using an inverted
epifluorescence microscope (Observer D1, Zeiss) equipped with a SCMOS camera (Zyla 4.2 Plus,
Andor Technology). For acquisition of whole deposits, a 4x magnification objective was used
(UPlanFLN 4x, Olympus). For scanning electron microscopy (SEM) imaging, a gold layer was first
deposited on the samples (sputtering system, 125 mA, 60 s) and then imaged at an incident angle of
90° with a tabletop SEM microscope (Hitachi, TM3030) at magnification ranging from 30x to

1000x.

Tensiometry. Interfacial energy has been recorded using a drop shape analyzer (DSA 30, Kriss). A
4 uL drop of desired concentration of FanTAB and/or iron (111) from Fe2(SO4)s was generated at room
temperature (21 £ 4 °C and 45 = 20 % relative humidity). The drop shape was analyzed using the
instrument software (DSA4, Kriss) to extract the water/air interfacial energy(/). The drop was
protected from air flows and we waited about 10 min to reach stabilization and measure the

equilibrium value of I..



Zeta potential. Zeta potential measurements have been conducted on Zetasizer Nano-ZS (Malvern
Instruments). FanTAB was diluted at desired concentration with iron (111) from Fe2(SO4)3 and mixed
with latex colloids. Because the concentration used in CRE experiments was too high to get reliable
measurements, we used a final concentration was 0.4 mg-mL-1, which was ten times less than in
CRE experiments. Final solution was agitated 30 s before measurement. The volume of sample was
850uL. Experiments were conducted at room temperature (25+1°C). Each zeta potential
measurement was a mean from 10 to 50 individual measurements. This was repeated three times for

each condition and averaged to give the zeta potential values plotted in Fig. S5.
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Figure 1. Redox control of the coffee-ring effect. A) Reduced and oxidized forms of (n- ferrocenylIn-
alkyhtrimethyl ammonium bromide (FnTAB) redox-sensitive surfactant. B) Scheme of the set-up for
particle deposition: evaporation in air of a 1 pL sessile drop on glass containing anionic polystyrene
particles (1 um diameter, 4 mg-mL-1) and FnTAB. C) Representative transmission microscopy images
of the deposits obtained in the absence of FaTAB (top), with addition of 80 uM of FéTAB (middle) or
F11TAB (bottom) at oxidation rates (pox = [FnTAB2+]/[FnTAB]) varying from 0% (pure FnTAB+) to
100% (pure FnTAB2+). Actual values of oxare given in Table S1. The scale bar is 1 mm.
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Results and Discussion

Figure 1 depicts our experimental system and shows the main result. We used two redox- sensitive
surfactants, (6-ferrocenylhexyl)trimethyl ammonium bromide and (11- ferrocenylundecyl)trimethyl
ammonium bromide surfactants referred to as FnTAB with n equals 6 and 11, respectively. The
reduced form, referred to as FnTAB-+, has a neutral ferrocenyl group at the extremity of its
hydrophobic tail and a quaternary ammonium bromide polar head (Fig. 1A, left). The oxidation of
the ferrocenyl group leads to the oxidized form of FaTAB, referred to as FnTAB2+, which contains an
additional positive charge on its tail (Fig. 1A, right). To evaluate how a redox state can affect the
CRE, a colloidal suspension containing anionic particles at a fixed concentration was supplemented
with FnTAB at different oxidation rates and concentrations (Fig. 1B, left). A drop (1 pL) of this
mixture was deposited on a glass substrate and allowed to evaporate under room conditions (21 + 2
°C and 45 £ 10% relative humidity) and protected from air flows (Fig. 1B, right). Under these
conditions, full evaporation of the drop was achieved in about 30 to 40 min. In the absence of
FnTAB, all resulting particle deposits displayed a characteristic ring shape due to the evaporation-
driven transport of particles toward the pinned contact line (Fig. 1C, top), in agreement with a
conventional and strong CRE*« In contrast, the addition of FanTAB led to a dramatic effect on the
morphology of the dry deposit. For instance, with 80 uM of FeTAB, the deposition pattern evolved
from a ring to a disk shape when fraction of the oxidized form of the surfactant increased from 0%
(fully reduced form, FeTAB+ only) to 100% (fully oxidized form, FéeTAB2+ only) (Fig. 1C, middle).
This was also dependent on the amphilic character of the surfactant as, for the same surfactant
concentration, only disks were obtained with the more hydrophobic F11TAB (Fig. 1C, bottom). To
our knowledge this is the first time that the CRE is controlled through a redox stimulation and the
detailed analysis of this new principle, and the effects of the parameters that control it, are described

in the following.
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Figure 2. Synthesis and properties of F¢TAB. A) Synthesis scheme. B) Steady-state
voltamogramms (current vs potential) of the reduced (FsTAB*, orange disks) and oxidized
(FsTAB?*, blue squares) forms of FsTAB (5 mM) in an aqueous solution of Li>SO4 (100 mM). C)
Interfacial energy in air (I) of water containing FeTAB* or FeTAB2*, as a function of surfactant

concentration.

FeTAB, a short-tail redox-sensitive surfactant. Several FnTAB surfactants have been described in
literature but, in most cases with n > 8.s1 We first synthesized a shorter-chain Fn TAB surfactant with
n = 6, which, to our knowledge, was mentioned in only two reports4o,41 devoted to the electroactivity
of FeTAB-tethered clay where the surfactant was obtained with a multistep synthesis and its
interfacial properties were not documented. In our case, FeTAB was obtained in a single step by a
Hofmann alkylation of the bromide precursor (Fig. 2A, full protocol in Sl). Cyclic voltammetry of
FeTAB showed a reversible redox behavior with an apparent standard potential of -0.15 V / REF
(Fig. 2B). The oxidized state FeTAB2+ and reduced state FeTAB+ were quantitatively generated by
bulk electrolysis at the constant potentials E = +0.25 V and E = -0.25 V, respectively. Interestingly,

the effect of FnTAB on the interfacial energy of the water/air interface (/') depended on its redox
13



state. The reduced form, with its short neutral and hydrophobic tail, had no effect on 7" for [FeTAB-+]
< 1 mM, with an interfacial energy closed to that of pure water (70.8 = 0.2 mN-m-1 under our
experimental conditions), but significantly reduced 7" at higher concentrations (Fig. 2C). I”
continuously decreased when [FeTAB-+] increased from 1 mM to 30 mM, due to increasing amounts
of F-sTAB- adsorbing at the water/air interface. Above 30 mM, solubility issues were observed and
the critical micelle concentration (CMC) could thus not be reached in this system. In contrast, with
the oxidized form, 7" remained constant and close to the value for water, with or without the amount
of added iron (I11) used for FeTAB oxidation (Fig. S1), for the whole range of tested FeTAB2+
concentrations (from 10 uM to 30 mM, Fig. 2C). This is explained by the additional charge at the
extremity of the tail strongly reducing the amphiphilic character of FeTAB2+ and therefore its

propensity to adsorb at the water/air interface and affect the interfacial energy.
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Figure 3. Synthesis and properties of F11:TAB. A) Synthesis scheme. B) Steady-state
voltamogramms (current vs potential) of the reduced (FuTAB*, orange disks) and oxidized
(F11AB?*, blue squares) forms of FiuTAB (2 mM) in an aqueous solution of Li2SO4 (100 mM). C)
Interfacial energy in air (1) of water containing F11TAB?* or FeTAB2*, as a function of surfactant

concentration.
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FuuTAB, a redox-sensitive surfactant of higher hydrophobicity. To explore the behavior of a
redox-sensitive surfactant with higher amphiphilic character, we synthesized F11TAB, an analog of
FeTAB with 5 additional carbon atoms in the alkyl chain. The synthesis was improved from the
original method by Saji et al.,s2 by optimizing conditions for better yield and replacing the
methylated mercury-based conversion of (5) to (6) with a safer reaction combining carbonyl
activation by Lewis acid and reduction by NaBHa (Fig. 3A, full protocol in Sl). Cyclic voltammetry
revealed a behavior similar to that of FeTAB with identical reductive and oxidative potentials mainly
controlled by the redox state of the ferrocene group (Fig. 3B). The reduced form of F11TAB had a
classical surfactant behavior affecting the water/air interfacial energy in a way similar to FeTAB but
with detectable effects starting at a much lower concentration (around 100 uM, Fig. 3C) due to the
longer hydrophobic tail. In that case, the CMC was reached at around 800 pM, in agreement with
previous reports.ss Interestingly and contrary to its shorter- tail homolog, Fi1TAB displayed
interfacial effects even in its oxidized form, with /" decreasing from 70 mN-m-1to 41 mN-m-1 when
[F11TAB2+] increased from 1 mM to 30 mM (Fig. 3C). With a longer carbon chain separating the two
cationic charges at its extremities, F11TAB2+ can thus act as a bolaform surfactant capable of

significantly reducing the water/air interfacial energy.

Redox control of deposition patterns. Using the set-up of Fig. 1B, we then systematically
investigated the morphology of particle patterns deposited from evaporating sessile drops containing
anionic particles and FeTAB or FiuTAB at various concentrations and oxidation states. FnTAB,
initially synthesized in its reduced form, was oxidized by adding controlled amounts of iron (II).
Absorbance spectroscopy (Fig. S2) of FaTAB+ (Amax = 437 nm) and FaTAB2+ (Amax = 627 nm) allowed
us to extract their molar extinction coefficients (Table S2) and quantify the FnTAB oxidation rate,
defined as pox = [FnTAB2+]/[FnTAB], as a function of added iron (111) (Fig. S3). We found that the
reaction was fast and almost quantitative, for both n = 6 (Fig. S3A,C) and n = 11 (Fig. S3B,D). This
allowed us to adjust pox at stable values, which we named for convenience 0%, 20%, 40%, 60%, 80%

and 100% (exact values given in Table S1).
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Figure 4. Redox control of the deposition patterns in the low surfactant concentration regime.
A) Representative transmission microscopy images of the deposition patterns obtained under
conditions of Fig. 1B, with various concentrations (columns) and oxidation rates (lines) of FnTAB
with n = 6 (middle panel) and n = 11 (right panel). The left panel (control) shows the
corresponding experiments without FaTAB but in the presence of the amount of iron (1) used to
control the oxidation rate (values in Fig. S4A). The scale bar is 1 mm. B) Representative scanning
electron microscopy images taken in the border (top) or in the center (bottom) of deposited
patterns with [FeTAB] = 80 uM at various oxidation rates. The scale bar is 10 pum.
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We started to explore the effect of adding FaTAB at a low concentration (< 100 pM, Fig. 4A).
Under these conditions, all patterns were highly reproducible with almost no depinning observed. In
the absence of FaTAB, and regardless of the amount of added iron (I1l) (Fig. S4), particles were
transported by the evaporation-driven flow toward the pinned contact line where they accumulated
to form typical ring-shaped deposition patterns (Fig. 4A, left). This confirms that CRE robustly
occurred in our system and was not affected by the small amount of ions added to control the
oxidation state. In contrast, adding FnrTAB to the suspension dramatically affected the deposition
pattern (Fig. 4A, middle and right). With the reduced form of F1uTAB, we observed a progressive
transition from a ring- to a disk-shaped pattern when [F11:TAB™] increased from 0 to 80 uM (Fig. 4A,
right). This can be explained by the progressive neutralization and hydrophobization of particles by
surfactant adsorption, in agreement with zeta () potential evolution observed at lower particles and
surfactants concentrations (Fig. S5), which led to particles adsorbing and accumulating at the
water/interface instead of being transported by the evaporation-driven flow toward the contact line.
Upon evaporation, adsorbed particles were eventually deposited by the descending interface to
form a dense disk of particles, in agreement with the known mechanism of CRE cancellation by
oppositely charged surfactants.?>? Interestingly, this evolution was observed for all oxidation rates
tested but with the appearance of the disk morphology at a characteristic F1uTAB concentration
significantly decreasing from about 80 uM to 40 uM when pox increased from 0 to 100 %, i.e.,
when F11TAB became both more charged and more hydrophilic (Fig. 4A, right). Since it is known
that increasing the hydrophilicity of a surfactant decreases its efficiency to cancel the CRE*>% by
cooperative adsorption on oppositely charged particles,* this result shows for the first time that the
electrostatic neutralization of the particles by surfactant adsorption predominates hydrophobic
effects to control the CRE. As a consequence, we could tune the morphology of the deposition
pattern at a fixed F1: TAB concentration by simply adjusting the surfactant redox state. For instance,
with [F11TAB] = 20 uM, patterns evolved from a ring to a more homogeneous disk pattern when pox

increased from 0 to 100 % (Fig. 4A, right). The same overall pattern evolution was observed with
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FeTAB (Fig. 4A., middle) but the transition from ring to disk was obtained either at higher
oxidation rate for the same surfactant concentration, or at a higher surfactant concentration (80 pM)
for the same oxidation evolution (Fig. 1C). This shows that for a given surfactant charge,
increasing the hydrophobicity of its tail increases its efficiency to cancel the CRE by favoring its
capability to neutralize oppositely charged particles through cooperative adsorption, an effect
established for monovalent surfactants®2® but never observed for a higher nor varying electrostatic
charge of the polar head. Using scanning electron microscopy (SEM), we finally analyzed the
microscopic organization of particles in the deposits obtained with 80 uM F¢TAB (Fig. 4B) and
with 20 uM FuuTAB (Fig. S6). In both cases, with an increase in pox, we observed a progressive
transition from heterogenous deposition (ring) of ordered particles (polycrystalline assemblies) to
more uniform deposition (disk) of disordered particles. Due to the progressive neutralization of
particles with the increase in surfactant charge, highly repulsive particles at low pox were
transported to the contact line by the CRE and packed there in an ordered manner® while at
high pox they became less repulsive (more “sticky”) and accumulate at the water/air interface to be

deposited in an amorphous manner.?®
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Figure 5. Redox control of the deposition patterns at high surfactant concentrations (= 100

HUM). Representative transmission microscopy images of the deposition patterns obtained under
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conditions of Fig. 1B, with various concentrations (columns) and oxidation rates (lines) of FnTAB
with n = 6 (middle panel) and n = 11 (right panel). The left panel (control) shows the
corresponding experiments without FaTAB but in the presence of the amount of iron (I11) used to

control the oxidation rate (values in Fig. S4B). The scale bar is 1 mm.
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When FnTAB was used at a higher concentration (100 — 1000 uM), a significantly different
phenomenology was observed (Fig. 5). Without added oxidizing salt (pox = 0), even if fingering
instabilities (e.g., [FeTAB] = 400 uM or 800 uM) and/or contact line depinning (e.g., [F11TAB]

=400 — 1000 uM) were observed, it appeared that increasing [FnTAB] resulted in the maintenance of
mainly disk-like deposits for n = 6 while ring-like patterns emerged for n = 11. F1uTAB thus behaved
as a conventional cationic surfactant, with overcharging of the particles at high concentration due to
bi- to multilayered surfactant adsorption on the particle surface (Fig. S5), thus preventing particles to
adsorb at the water/air interface and favoring the CRE again.2s26 In contrast, FéTAB+, which has
much weaker amphiphilic properties in this concentration range (Fig. 2C) than Fu1TAB+ (Fig. 3C),
had much less propensity to self-assemble on particle surfaces to form bi- or multilayers resulting in
the incapability to overcharge the particles (Fig. S5). For pox > 0, the increasing amount of
multivalent salts used to control the oxidation state resulted in the formation of disk patterns in the
absence of FnTAB (Fig. 5, left). Notably, this phenomenon was correlated with iron (I11)
concentration, with rings and disks systematically occurring for iron (III) < 60 uM and > 150 uM,
respectively (Fig. S7). By screening electrostatic interactions, multivalent cations at high
concentration are known to induce the adsorption of anionic particles at the water/air interface,4s thus
preventing the CRE and allowing a homogenization of the particle deposits. With its low amphiphilic
properties, FéTAB did not perturb this effect and disks were systematically obtained (Fig 5, middle).
In contrast, with its stronger amphiphilic character, F11TAB could counter-act the salt effect and
induce the formation of rings at high concentration (Fig. 5, right), probably again by multilayered
adsorption of F11TAB+ and particle overcharging. However, increasing pox was accompanied by an
increasing relative amount of Fu1TAB2+ which has a much-reduced self-assembling character (Fig.
3C). As a consequence, rings could be obtained only when a sufficient remaining amount of
F11TAB+ was present in solution ([F11TAB+] > 300 pM) as shown by the correlation between ring
occurrence and remaining [F1aTAB+] (Fig. S8). Hence, the total concentration of F11TAB necessary

to obtain a ring pattern in this regime increased with pox (Fig. 5 right).
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Figure 6. Electrochemical control of particle deposition in a closed system. A) Scheme of the
experiment. Without adding any chemical, applying a constant potential in a three-electrode
redox cell containing FeTAB allows us to dynamically adjust its oxidation rate as a function of
time, which in turn allows us to control the particle pattern after drop deposition and drying. B)
Representative transmission microscopy images of the deposition patterns as a function of the
actual oxidation rate of FeTAB for [FéTAB] = 20 uM (top), 50 uM (middle) or 160 uM (bottom).

Dynamic electrochemical control in a closed system. We demonstrated that the deposition pattern
was controlled by adjusting the oxidation rate of the redox-sensitive surfactant FnTAB obtained
through addition of oxidizing entities (iron Il ions). We thus explored whether it could be possible
to achieve a similar redox control but in a closed system, i.e., without adding any variable amounts
of reducing or oxidizing molecules. To this end, we used a three-electrodes chronoamperometry set-
up to adjust the oxidation rate of a FéTAB solution (5 mM in a solution of 100 mM Li2S0a4) in time,
by applying an oxidation potential of +0,25 V +0.25 V followed by a reduction potential of -0.25 V

(Fig. 6A). This resulted in increase of pox upon oxidation up to 100% followed by a decrease over
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time when FeTAB was in situ reduced again. Aliquots of that solution were taken along the course of
the reaction and the actual value of pox was established by absorbance. Each of these samples was
diluted to a desired concentration of FeTAB, mixed with particles (2 mg-mL-1) and a drop of the
resulting suspension was allowed to dry under the conditions of Fig. 1B. We found that the pattern
evolution upon FeTAB electrochemical oxidation (Fig. 6B) was in striking agreement with what was
observed by chemically oxidizing FeTAB (Fig. 4A, middle). Regardless of pox, deposits displayed a
ring-like morphology at a low FeTAB concentration (20 uM) when the surfactant did not interact
much with the oppositely charged particles (Fig. 6B, top) and a disk-like one at a higher
concentration (160 uM) when the surfactant electrostatically adsorbed and neutralized the particles
(Fig. 6B, bottom). Notably, at the same intermediate FeTAB concentration (60 puM), a similar and
progressive evolution from a ring-like pattern to a more homogenous disk was observed when pox
first increased from almost 0 to 100 % (Fig. 6B, middle), interpreted as a signature of the increased
electrostatic binding between FeTAB and the particles upon enriching the solution in the oxidized,
dicationic form of the surfactant. This consistent pattern evolution as a function of FeTAB
concentration and its oxidation rate, regardless of the nature of the oxidation method
(electrochemical vs chemical) highlights the flexibility of the redox control approach as well as it
highlights the determinant role of pox in directing the morphology of particle deposits. The
electrochemical actuation also allowed us to reverse the stimulation by reducing FeTAB once it was
fully oxidized. We found that the resulting pattern evolution was fully reversible for all tested
concentrations (Fig. 6B). This was particularly noticeable for the intermediate concentration
([FeTAB] = 60 pM) for which the patterns evolved back from a disk-like shape to a marked ring
pattern when pox decreased from 100% to 10.6%. Note that, in the absence of FeTAB, only ring-
shaped patterns were obtained (Fig. S9), showing that any significant role of remaining amounts of
Li2SOa4 after dilution can be excluded. All these results demonstrate that the redox control of particle
deposition from drying drops is not limited to chemical oxidation and can be robustly controlled
through an electrochemical approach, thus allowing dynamic and additive-free modulation of the

deposited patterns.
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Figure 7. Schematic evolution of the colloid-surfactant interaction and resulting deposition
pattern as a function of A) FnTAB concentration, B) oxidation rate andC) in the presence of high

amounts of multivalent salts.

Overview. Figure 7 summarizes, in a schematic manner, the role of the main parameters we have
investigated to control particle deposition in drying drops containing anionic colloids and cationic
redox-sensitive surfactants. Without FnTAB, the evaporation-driven flow accumulated charged
colloids at the contact line where repulsive particles assembled in an ordered fashion to form a
polycrystalline ring. Increasing FnTAB concentration led to a neutralization of the particles and their
accumulation at the water-air interface to form a uniform and amorphous disk- shaped deposit (Fig.
7A). This is similar to what can be obtained with conventional salts at millimolar concentrations
except that this effect occurred here in a micromolar concentration regime due to the cooperative

adsorption of surfactants on the oppositely charged surface of the anionic colloids. This self-
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assembly is all the more efficient that surfactants are hydrophobic, explaining that, for a given
oxidation rate, F11TAB led to the formation of disk at a lower concentration than FeTAB (Fig. 7A). A
further increase in F11TAB concentration led to formation of rings again due to the overcharging of
the particles by multilayered adsorption of the surfactant on their surface, in agreement with the
known effect of cationic surfactants on the CRE.2s,26 However, we observed for the first time that this
was not the case for a short- hydrophobic tail surfactant such as FeTAB because its reduced self-
assembly ability prevented from efficient particle overcharging. Increasing hydrophobic effects, by
favoring surfactant self- assembly and cooperative adsorption on oppositely charged nanoparticles,
thus promoted both the formation of uniform disk patterns at low surfactant concentrations and
reappearance of rings at higher concentrations. Interestingly, we found that oxidizing FnTAB,
although decreasing its hydrophobic and self-assembly character, led to a transition from a ring to
disk pattern for both FeTAB and F11TAB (Fig. 7B). This was due again to the neutralization of
particles which, at a fixed FnTAB concentration, was more efficient at a higher fraction of the
dicationic form of the surfactant, i.e., at a higher oxidation rate. This emphasizes the predominant
role of electrostatics in controlling the CRE in oppositely charged particle-surfactant systems and
how surfactant self- assembly can modulate it. Increasing surfactant chain length thus decreased the
concentration at which the ring-to-disk transition was obtained either by adding surfactant of a given
oxidation rate or by oxidizing a fixed concentration of the surfactant (Fig. 4A). Finally, studying high
concentrations of surfactant involved high amounts of iron(I11)/iron(ll) and thus allowed to have
insights on the effect of surfactants versus that of multivalent salts present in the solution (Fig.7C).
At high salt concentrations, disk patterns were systematically obtained in the absence of surfactants.
When surfactants were added, this was unchanged as long as surfactants were not hydrophobic
enough to create multilayers and overcharge the particles. This was the case for FeTAB+ and
FeTAB2+ (too short tail) and F11TAB2+(too polar). Only sufficiently large amounts FuuTAB-+ (high
F11TAB concentration and low oxidation rate) could over charge the particles and avoid their

accumulation at the water-air interface, leading to ring-shaped patterns.
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Conclusions

We showed for the first time how the deposition pattern from a drying sessile drop could be
controlled by a redox stimulus, at both macroscopic (from ring to disk morphology) and microscopic
(from crystalline to amorphous) levels. Achieved by simply adding a redox- sensitive surfactant in a
colloidal suspension drop, the method allowed not only a full cancellation of the coffee-ring effect
(CRE) but also a reproducible and user-defined adjustment of the deposit morphology, ranging from
a marked ring to a homogenous disk pattern when typically switching from reductive to oxidizing
conditions. We demonstrated that the oxidation rate of the surfactant can be tuned either chemically
by simply adding oxidizing molecules or electrochemically through in situ application of a potential
in an additive-free manner, highlighting the robustness, flexibility and reversible character of the
approach. At a fundamental level, this study significantly improved our understanding of the general
role of surfactants in controlling the CRE of oppositely charged colloids, with the following points
that are worth being highlighted: 1) by promoting particle accumulation at the water/air interface,
electrostatic screening and particle neutralization is the key-factor in the cancellation of the CRE; 2)
increasing surfactant charge amplifies the phenomenon and overcomes hydrophobic effects; 3) the
presence of the hydrophobic tail, by promoting self-assembly, makes surfactants behave i) as “super-
salts” to neutralize particles and favor CRE cancellation at a very low concentration and ii) as “anti-
salts” at high concentration by overcharging particles and inducing CRE again; 4) as a consequence,
increasing surfactant hydrophobicity shifts the cancellation of the CRE to lower surfactant
concentration while also favoring its reappearance by particle overcharging. Overall, this work
brings new practical and fundamental solutions to cancel the CRE in many situations when it is
deleterious or, on the contrary, to harness it to organize particles on surfaces in a controlled manner.
By straightforward adjustment of the redox state, a fine tuning of the particle deposition can be done,
from the overall distribution of particles on a surface to their microscopic organization. Conversely,

this principle makes now possible to get information on the redox state of a sample liquid by simply
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visualizing the deposition pattern left by a drying pL-sized drop, thus constituting a novel and
advantageously simple concept for rapid and portable diagnostics with applications ranging from

materials analysis to point-of-care biomedical monitoring.
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