Downloaded via ECOLE NORMALE SUPERIEURE on March 17, 2022 at 10:54:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEAPPLIED MATERIALS

XINTERFACES

www.acsami.org Research Article

Redox Control of Particle Deposition from Drying Drops

Pauline E. Galy, &ny Guitton-Spassky, Catherine Sella, Laurent Thouin, Maxime R. Vitale,
and Damien Baigl|

Cite This:ACS Appl. Mater. Interfac2822, 14, 33743384 I:I Read Online

ACCESB [ihl Metrics & More ’ Article Recommendations | * Supporting Information

ABSTRACT: The co ee-ring eect (CRE), which denotes the accumulation 6f™
nonvolatile compounds at the periphery of a pinned sessile drying drop, iS_ 2
universal and ubiquitous yet complex phenomenon. It is crucial to betfe
understand and control it, either to avoid its various deleterious consequeng
in many processes requiring homogeneous deposition or to exploit it for
applications ranging from controlled particle patterning to low cost diagnostics.
Here, we report for therst time the use of a reductiaxidation (redox) E
stimulus to cancel the CRE or harness it, leading to a robust and tunabl
of particle deposition in drying sessile drops. This is achieved by imple
redox-sensitive ferrocenyl cationic surfactants everdi chain lengths i
drying drops containing anionic colloids. Varying surfactant hydroph
concentration, and redox state allows us not only to control the @
distribution of deposited particles, including the possibility to fully can
CRE, but also to modify the microscopic organization of particles inside the deposit. Notably, with all other parareeters being
this method allows the adjustment of the deposited particle patterns, from polycrystalline rings to uniform disks, as a function of
oxidation rate. We show that the redox control can be achieved either chemically by the addition of oxidants or electrochemical
applying a potential for additive-free and reversible actuation in a closed system. This correlation between the redox state an
particle pattern opens a perspective for both redox-programmable particle patterning and original diagnostic applications bas
the visual determination of a redox state. It also contributes to clarify the role of surfactant charge and its amphiphilic charact:
directing particle deposition from drying suspensions.

KEYWORDS:co ee-ring ect, colloids, ferrocene, redox-sensitive, surfactants, evaporation, particle patterning

oxidation

INTRODUCTION easily implementable. In contrast, formulation approaches

When a drop of a suspension of nonvolatile compounds {5'"9 BIOPer additives, such as polymers or binary
deposited on a solid surface, its evaporation leads to a ri |_xt_ure§, 0 er easy solutions but can perturb the system
shaped deposit. This ubiguitous phenomenon, which occu@shigh concentrations and usually lack external addressability.
when the contact line is pinned on the substrate, is called tAénong additives, surfactants are thus particularly interesting
co ee-ring eect (CRE) It occurs not only with practically candidates, rst because they can beeaive at a low

any type of liquid containing nonvolatile solutes like colloidsoncentration (typically mé to millimolar). Indeed,
nanoparticles, or proteins but also with insoluble particle-ladsurfactants have been shown to be veriemt to control
liquids dissolving in another partially miscible liquid phaser cancel the cee-ring eect, either by creating interfacial
(liquid liquid CREY: This has led to a rich literature devoted energy gradients leading to Marangmng” or by inducing

to this phenomenon, which remains, however, neither fulparticle adsorption at the drop water/air interface through a
understood nor predictable because of its multiscalg, mulgombination of electrostatic and hydropholgicte?*>*° It is
component, and unsteady charatferss many technical  generally believed that a more hydrophobic surfactant is more
processes are relying on deposition of homogeneous layers gf gient i.e., a lower concentration is neede@t ar cancel

material during solution evaporation, the CRE appears asi coee-ring eect because it has stronger surface activity
serious obstacle for a plethora of applications with deleterious

impacts in industrialelds ranging from inkjet printing , —
biotechnologi€s® Conversely, it can be seen as & tool ~ Received: September 30, 2021 -
organize particles on surfatésor an innovative solution for Accepted: December 17, 2021
low cost diagnostic applicatibhs? There is thus a general Published:January 7, 2022
quest for methods to understand, cancel, and/or control this

phenomenon. Perturbing evaporation or contact line pinning

using external triggers is shown to bdemt® ' but is not
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and its cooperative assembly on oppositely charged particleuigty > 98%), heptane (CAS 142-82-5, Carlo Erba, purity > 95%),
favored® But what would happen for a surfactant of a giverpetroleum ether 3@0°C (PE, CAS 64742-49-0, Carlo Erba, purity
chain length but higher electrostatic charge, which would res%lrgg%z;u‘;':;efgg%/")mﬁ;‘:g' eltlher (gBMt'i' CtAsatlr634$4t- 4,hCarlo
in a lower hydrophobicity but higher electrostatic interaction?'>2: 0 all used without pation. fetrany-

This open (Bq/uesrt)ion hag yet tg be solved if one wants t rofuran (THF, CAS 109-99-9, Carlo Erba, purity > 98%) was freshly

derstand h h d fact d . h Istilled from a mixture with solid sodium before use.
understand how charged surfactants determine the patterns - TAB" Synthesis. (6-Ferrocenylhexyl) trimethyl ammonium

particle deposits from drying suspension drops. Second, SOf§mide (FTAB") was synthesized following the procedure from
surfactants can be stimulus-responsive, triig the  Saji et ai’ (seeFigure A). In a 25 mL round-bottormask, 1.8 mmol
advantageous possibility to dynamically tune their properti@bromohexyl)-ferrocens) (vas introduced. An excess of 3.4 mL of

in a user-controlled fashion. This was for instance successftrllgethylamine in 4.2 M solution in ethanol was added. Then, 3 mL
applied with photosensitive surfactafitsto e ciently of pure ethanol was added and the mixture was stirred for 5 days at
photocontrol the CRE and to direct particle assembly on room temperature. The mixture was evaporated under a vacuum at 40
surfacd@!3 using an external light stimulus. Such an approa ¢ to remove ethanol to get yellow oil. A yellow solid was crystallized
o ered excellent and remote spatiotemporal control of partic g}ehiig'rtlf';r?; ‘:’i“”:a ?angee);"‘:/r;%umﬁ ?Ildrw?sll\i/;azhﬁﬁowmixt .
deposition from drying drops but required the implementation.; - ocrystafization in a ure

2. acetone/hexane gave 617 mg of pliE* (2) as a yellow solid
of azobenzene-containing molecules as well as samples resigfi§ 8e9), with'H NMR (MeOD-D4) 4.0 4.1 (m, 9 H

to UV irradiation. Surprisingly, no other types of stimulusferrocene), 3.3 (m, 2 HCH,-N*(CH2)2), 3.1 (s, 9 H, N*(CH.)2),
responsive surfactants have been explored as possihle(t, 2 H, ferroceneH; ), 1.8 (q, 2 H, CH,-CH,N*(CH,)s),
alternatives to photosensitive ones, and controlling the CRiad 1.31.6 (m, 16 H, CH,-CH,-CH, ). IR data agreed with the

has thus been mainly limited to more conventional formulatioproduct structure. The solid was permanently kept under argon. By
approaches. To address the 2-fold challenge of rationalizing #eting in pure water, it gave a pure redugeAB* solution that

roles of surfactant amphiphilicity and electrostatics in the CR2S Vvery slowly oxidized in time. The solubility;DAB* was

: S ; ined to be around 30 mM
and exploring a totally new way of controlling it, we studied fSi€termine . ' .
- o ' . F..TAB" Synthesis. Step 1. (11-Ferrocenylundecyl)trimethyl
the rsttime the deposition pattern from aqueous sessile drogﬁ]rﬁonium gromide (HApB+) 6vas synthes)i/zed folsllo)wing t%/e

containing particles and a surfactant with a charge angiginal procedure from Saji et'abut with improvements (see
amphiphilic character that depends on its reductkaietion  Figure 2). For the rst step, the procedure was improved from
(redox) state. Redox-sensitive surfactants have been inuearca-Barrantes etlin a 200 mL round-bottonask under argon
tigated for various applications, such as stimulus-responsive linked to a gas oil bubbler, 24.6 g of 11-bromoundecanoic acid
micelles and emulsicris> DNA compactiofi? or interfacial ~ (3) was mixed with 20 mL of thionyl chloride (1 equiv) in 110 mL of
ow controP® *” but have never been reported for directinganhydrous toluene. Some drops of DMF were added, and the mixture
the deposition of particles in general or controlling the CRE s stirred for 3 h at 4C. The reaction was followed by thin-layer
particular. In this work, we synthesized and characteriz&gromatography (solvent toluene). The mixture was evaporated

redox-sensitive cationic surfactants efeit chain lengths Under reduced pressure, 20 mL of toluene was added under argon,
. . i . and the mixture was evaporated again. The process was repeated two

prior to analyzmg thg p.attemS obtained from evaporatlnlgmes_ Acyl chloridefl was obtained as a slightly yellow residue and

drops containing anionic rpeles and the synthesized igenti ed with*H NMR (CDCK) 1.3 2.3 (m, 16 H, Br-CH

surfactants at ddrent concentrations and redox states. Thi§CH,);-CH,-COCI), 2.9 (t, 2 H, CH,-COCI), and 3.4 (t, 2 H,

allowed us to eciently control the drop deposition patterns, CH,-Br). The yield was 86%.

including the full cancellation of the CRE, with a redox Step 2Typically, 20.4 g of acyl chloridé as dissolved in 100

stimulus for therst time. At a fundamental level, this studymL of anhydrous dichloromethane and 10.1 g of aluminum chloride

also contributed to disentangle the respective roles & equiv)was added. In another round-bottask under argon, 14.7

electrostatics and amphiphilicity in surfactant-based contrg)lc’f ferrocene (1 equiv) was dissolved in 150 mL of anhydrous
of particle deposition from drying drops. ichloromethane. The acyl chloride mixture was then added dropwise

to the ferrocene mixture for around 30 min &€.0The resulting
solution was stirred for 1 h at°G and followed by thin-layer
MATERIALS AND METHODS chromatography (solvent toluene). When all the acyl chloride was
Materials. Milli-Q water (Millipore, 18.2 M-cm) was used for all  consumed, around 100 mL of HCl at 2 M was gently added until the
experiments. A suspension of negatively charged polystyrene partigfdgtion ceased to degas. Organic and aqueous phases were separated.
(diameter 1 m, concentration 4 wt %) bearing a high density of The agqueous phase was extracted with three fractions of 28rimL of
carboxyl functional groups on their surface was purchased from Lifetyl methyl ether. Organic phases were dried with magnesium sulfate
Technologies (CML latex, catalogue number C37255) and used asd evaporated under reduced pressure. Prépuets(puried by
received. Prior to each experiment, the particle suspension was migelimn chromatography (silica, PE, then TBME and DE) and was
by vortexing (1 min), sonicated in an ultrasound bath (1 min), anddenti ed with*H NMR (CDCl;) 1.2 1.5 (m, 10 H, Br-CKHCH,-
vortexed again (30 s). Lithium sulfate monohydrate (CAS 10102-26Hy)s ), 1.7 (m, 2 H, Br-CHCH,-(CH,)s-CH, ), 1.8 1.9
7, Merck, purity > 99%), iron(lll) sulfate (CAS 15244-10-7, Merck(m, 2 H, Br-CH-CH,-(CHys ), 2.7 (t, 2H, Fc-CO-B, ), 3.4
purity > 97%), iron(ll) sulfate heptahydrate (CAS 7782-63-0, MercKt, 2 H, Br-GH, ), and 4.2 4.8 (s, 9 H,Fc ). The yield was
purity > 99%), trimethylamine solution (CAS 75-50-3, 4.2 M in83%.
ethanol), (6-bromohexyl)-ferrocene (CAS 136237-36-0, Merck), 11- Step 3. This step was slightly improved from the Li et al.
bromoundecanoic acid (CAS 2834-05-1, Merck, purity > 99%Jproceduré? In a 1 L round-bottomask under argon and equipped
thionyl chloride (CAS 7719-09-7, Merck, purity > 99%#; with a gas oil bubbler, 26.2 g of ferrocene carbonyl préguas(
dimethylformamide (DMF, CAS 68-12-2, Merck, purity > 99%)dissolved in 66 mL of dry tetrahydrofuran. In a 500 mL round-bottom
aluminum chloride (CAS 7446-70-0, Merck, purity > 99%), ferroceneask under argon, 9.4 g of sodium borohydride (4 equiv) and 16.3 g
(CAS 102-54-5, Merck, purity > 98%), sodium borohydride (CASf aluminum chloride (2 equiv) were dissolved in 70 mL of dried
16940-66-2, Merck, purity > 98%), toluene (CAS 108-88-3, Carleetrahydrofuran. Then, the ferrocene carbonyl mixture was added
Erba, purity > 95%), diethyl elther (DE), dichloroethane (DCE, CASIropwise for around 1 h afQ with strong magnetic stirring under
107-06-2, Carlo Erba, purity > 95%), dichloromethane (DCM, CA&rgon. The reaction was followed by thin-layer chromatography
75-09-2, Carlo Erba, purity > 95%), ethanol (CAS 64-17-5, Mercksolvent PE/DE 20:1). Then, 105 mL of water was added dropwise to
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Figure 1.Redox control of the cee-ring eect. (A) Reduced and oxidized formswd&(rocenyth-alkyl)trimethyl ammonium bromidgTRB)
redox-sensitive surfactant. (B) Scheme of the setup for particle deposition: evaporation in_ases§ite drop on glass containing anionic
polystyrene particles (in diameter, 4 mglL ) and FTAB. (C) Representative transmission microscopy images of the deposits obtained in the
absence of JFAB (top), with the addition of 80M of F,TAB (middle) or F,TAB (bottom) at oxidation rates,( = [F,TAB*]/[F ,TAB])

varying from 0% (purg,FAB') to 100% (pure [TAB?"). Actual values of, are given ifable S1The scale bar is 1 mm.

the mixture at OC with strong stirring. Warning: the reaction is electrodes were a platinum disk (89 diameter) as the working
highly exothermic. Once the mixture became less reactive, 150 mletsfctrode, a platinum wire (1 mm diameter) as the counter electrode,
HCl at 1 M was added. Phases were separated and the aqueous phadea silver reference electrode (RE) covered with silver oxide. All
was extracted with three 20 mL fractions of PE. Organic phases welectrochemical experiments were performed at room temperature
dried with magnesium sulfate and evaporated under reduced pressusing a potentiostat PGSTAT 30 controlled by GPES 4.9 software.
Crude orange-yellow oil was obtained. Profuatas recrystallized  Cyclic voltammetry was carried out betwée®5 and +0.4 V at 10

in PE and Itrated through silica frittered glass amally identied mV-s ! scan rate without stirringigure B). The same procedure
withH NMR (CDClL) 1.2 1.6 (m, 12 H, Br-CHCH,(CH,)¢ ), was used for 2 mM, fFAB (Figure B).
1.8 1.9(q, 2 H, Br-CRHCH,-(CH,)s ), 2.3(t,2H, Fc-€, ), Electrochemical Oxidation. Experiments were performed at a

3.4 (t, 2H, Br-El, ),and 4.1 (s, 9 HFc). The yield was 70%. constant potential using the same electrochemical cell with a strong
Step 4.Typically, 17.7 g of alkyl bromids Wwas mixed with 100  magnetic stirring. A platinum grid with a high surface ar8aof
mL of trimethylamine solution in ethanol (8 equiv) and 100 mL ofwas used as the working electrode. The counter electrode was inserted

THF. The mixture was stirred underuse at 40°C for one day. in a separate compartmeligd with 100 mM LBQ, electrolyte. The
Then, it was evaporatedden a vacuum. Product)(was F<TAB solutions were oxidized 7 AB?** atE = +0.25 V or reduced
recrystallized after mixing vigorously in TBME. It \iexted, to RTAB" atE= 0.25 V for 3600 s.

dried overnight on a Schlenk line, and idemhtivith *H NMR UV Visible Absorbance and Absorption Coe cients.
(MeOD-4D) 1.3 1.6 (m, 8 H, Br(CH)sN-CH,-CH,-(CH,)s ), Absorbance spectra were obtained with a BioSpectrometer

1.8(g, 2 H, Br(CH)aN-CH,-CH, ), 2.32(t,2H,Fc-8, ), 3.1 (Eppendorf). For FAB solutions at various oxidation rates in

(s, 9 H, Br(@®3);sN ), 3.33(t, 2 H, Br(€l3)3N-CH, ), and 4.1 pure water, water was used as a reference, TAB Bolution

(s, 9 H,Fc ). The yield was 99% and the synthesis overall yield wasntaining the electrolyte,$0, at 100 mM, a solution of 100 mM

49%. Li,SO, was used as a reference. Measurements were performed in a 1
Electrochemical Properties.The electrochemical cell was a 50 cm wide plastic cuvette. Molar extinction c@nts of FTAB

mL triple neck at-bottom ask lled with a day-made 30 mL solution (reduced), FTAB?** (oxidized), I, TAB' (reduced), and FTAB?

of 5 mM RTAB with 100 mM LIQO, as an electrolyte. The (oxidized) at 437 and 627 nm were deduced from absorbance spectra

3376 https://doi.org/10.1021/acsami.1c18933
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Figure 2.Synthesis and properties gfAB. (A) Synthesis scheme. (B) Steady-state voltammograms (current vs potential) of the reduced
(FsTAB', orange disks) and oxidizedT¢#&B?*, blue squares) forms ofTRB (5 mM) in an aqueous solution 0§3@, (100 mM). (C)
Interfacial energy in air)(of water containingsFAB" or R;TAB*, as a function of the surfactant concentration.

of solutions of FAB (5 mM forn=6; 2 mM fom=11) in 100 mM were conducted at room temperaturey{25°C). Each -potential

Li,SO, and at a dened oxidation rate controlled by chronoamper- measurement was a mean from 10 to 50 individual measurements.

ometry Eigure SR This was repeated three times for each condition and averaged to give
Chemical Oxidation. Six mother solutions of 2 mMMTAB were the -potential values plotted figure S5

prepared in pure water. Each of them hadeeethit oxidation rate {0,

0.20, 0.40, 0.60, 0.80, 1} obtained by the addition of equivalent

quantity of an iron(lll) ion from BS0,) 4. Iron(lll) reacted fast and RESULTS AND DISCUSSION

totally with ETAB* to give iron(ll) and FTAB?* (Figure SB A Figure 1depicts our experimental system and shows the main
serie_s of control solutions were made WithmA!_tEFand with water result. We used two redox-sensitive surfactants, (6-
and iron(lll) at the corresponding concentrations. ferrocenylhexyl)trimethyammonium bromide and (11-

Sample Preparation and Drop Deposition. Mother FTAB ferrocenylundecyl)trimethylammonium bromide surfactants

solutions (2 mM), oxidized if necessary as described above, w . .
diluted in water and mixed with particle suspension to get the desirg-ierrec:j to ?js ?IFAB W'tfh n %quals GA?Brld rl]l’ respectlveily.
F.TAB concentration and aal particle concentration of 4-mig *. e reduced form, referred to gIAB’, has a neutra

All drops have been deposited in a volume df (Eppendorf ferrocenyl group at the extremity of its hydrophobic tail and a
micropipette) on rectangular glass coverslips @4mm, Menzel-  quaternary ammonium bromide polar héagli(e A, left).
Glaser) for all experiments except for scanning electron microscopye oxidation of the ferrocenyl group leads to the oxidized
(SEM), where circular glass coverslips (MenzsiGla5 cm in  form of ETAB, referred to as,FAB**, which contains an
diameter) were used. Drop evaporation was achieved &1 additional positive charge on its taiggre A, right). To

and 45t 10% relative humidity under a box to avoidwiand dust  eyaluate how a redox state caectathe CRE, a colloidal
contamination during drying. suspension containing anionic particlesxaaconcentration

Drops and Deposits Observation.All of the samples have been ; . L
observed using an inverted epiescence microscope (Observer D1, was supplemented witfTAB at di erent oxidation rates and

Zeiss), equipped with an sCMOS camera (Zyla 4.2 Plus, And&encentrations5(gure B, left). A drop (1 L) of this mixture
Technology). For the acquisition of whole depositsx a 4 Was deposited on a glass substrate and allowed to evaporate

magnication objective was used (UPlanF @lympus). For  under room conditions (24 2 °C and 45+ 10% relative
scanning electron microscopy (SEM) imaging, a gold layestwas humidity) and protected from aws igure B, right).
deposited on the samples (sputtering system, 125 mA, 60 s) and thgnder these conditions, full evaporation of the drop was
im_aged_ at an incident angle q’fﬁﬂh a_tabletop SEM microscope gchieved in about 380 min. In the absence ofTAB, all
(H$2ﬁ2=b;“£$33|0n)t gfz;?:ia;ﬁrg?telcr)gyr?wgglrtl)ge;?rpeg(glrgeldogzihg o droresulting particle deposits displayed a characteristic ring shape
shape analyzer (DSA 30, $&u A 4 L drop of desired |?i_ue to the evapo_rat|on—dr|ven transport of particles to_ward the
pinned contact lineF{gure C, top), in agreement with a

concentration of FAB and/or iron(lll) from FgSO,); was ) RE o
generated at room temperature £24 °C and 45+ 20% relative ~ conventional and strong CREn contrast, the addition of

humidity). The drop shape was analyzed using the instrumefinT AB led to a dramatic ect on the morphology of the dry

software (DSA4, Ksg) to extract the water/air interfacial enerjjy ( deposit. For instance, with of RsTAB, the deposition

The drop was protected from aivs and we waited about 10 minto pattern evolved from a ring to a disk shape when the fraction of

reach stabilization and measure the equilibrium value of the oxidized form of the surfactant increased from 0% (fully
-Potential. -Potential measurements have been conducted on ggqyced form, JFAB" only) to 100% (fully oxidized form,

Zetasizer Nano ZS (Malvern Instrumentg)AB was diluted at a £ ag2+ gnly) (Figure C, middle). This was also dependent

desired concentration with iron(lll) from,@&0,); and mixed with Qpthe amphiphilic character of the surfactant as, for the same

latex colloids. Because the concentration used in CRE experime - . . .
was too high to get reliable measurements, we usedl a surfactant concentration, only disks were obtained with the

concentration of 0.4 mgl %, which was 10 times less than that in more hydrophobic ,iFAB (Figure C, bottom). To our
CRE experiments. Theal solution was agitated 30 s before the knowledge, this is thest time that the CRE is controlled
measurement. The volume of the sample was 8%xXperiments  through a redox stimulation and the detailed analysis of this
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Figure 3.Synthesis and properties ofTRB. (A) Synthesis scheme. (B) Steady-state voltammograms (current vs potential) of the reduced
(F1,TAB', orange disks) and oxidized,;{RB**, blue squares) forms o FAB (2 mM) in an aqueous solution 0f3®, (100 mM). (C)
Interfacial energy in air)(of water containing, TAB" or F;TAB*, as a function of the surfactant concentration.

new principle as well as theeas of the parameters that amount of added iron(lll) used fofTAB oxidation Figure
control it are described in the following. SJ), for the whole range of testegl &AB?* concentrations
FsTAB, a Short-Tail Redox-Sensitive Surfactant. (from 10 M to 30 mM,Figure Z). This is explained by the
Several FAB surfactants have been described in literaturadditional charge at the extremity of the tail strongly reducing
but, in most cases, with 83 We rst synthesized a shorter- the amphiphilic character ofTRB?** and therefore its
chain ETAB surfactant with = 6, which, to our knowledge, propensity to adsorb at the water/air interface aauat the
was mentioned in only two repdHs$ devoted to the interfacial energy.
electroactivity of JFAB-tethered clay, where the surfactant F;;TAB, a Redox-Sensitive Surfactant of Higher
was obtained with a multistep synthesis and its interfacidlydrophobicity. To explore the behavior of a redox-sensitive
properties were not documented. In our ca3&BFwas surfactant with a higher amphiphilic character, we synthesized
obtained in a single step by Hofmann alkylation of the bromide, TAB, an analogue ofTFAB with 5 additional carbon atoms
precursorftigure A, full protocol in Materials and methods). in the alkyl chain. The sz}/nthesis was improved from the
Cyclic voltammetry of ;FAB showed a reversible redox original method by Saiji et“@lby optimizing conditions for
behavior with an apparent standard potentid.ab V/REF better yield and replacing the methylated mercury-based
(Figure B). The oxidized statesTAB** and reduced state conversion of5) to (6) with a safer reaction combining
FsTAB" were quantitatively generated by bulk electrolysis aarbonyl activation by Lewis acid and reduction by NaBH
the constant potentidis= +0.25 and 0.25 V, respectively. (Figure 3, full protocol in Materials and methods). Cyclic
Interestingly, the ect of ETAB on the interfacial energy of voltammetry revealed a behavior similar to that ABRwith
the water/air interface Y depended on its redox state. The identical reductive and oxidative potentials mainly controlled
reduced form, with its short neutral and hydrophobic tail, hally the redox state of the ferrocene gréigu(e B). The
no e ecton for [FsTAB'] <1 mM, with an interfacial energy reduced form of ;;TAB had a classical surfactant behavior
close to that of pure water (7&80.2 mNm * under our a ecting the water/air interfacial energy in a way similar to
experimental conditions), but sigantly reduced at higher FsTAB but with detectable ects starting at a much lower
concentrationsH{gure ). continuously decreased when concentration (around 1004, Figure &) due to the longer
[FETAB'] increased from 1 to 30 mM due to increasing hydrophobic tail. In that case, the CMC was reached at around
amounts of JTAB" adsorbing at the water/air interface. Above800 M, in agreement with previous repbtisiterestingly
30 mM, solubility issues were observed and the critical mice#lad contrary to its shorter-tail homologyd,AB displayed
concentration (CMC) could thus not be reached in thisinterfacial eects even in its oxidized form, witbdecreasing
system. In contrast, with the oxidized formremained  from 70 to 41 mNn ! when [R;TAB?] increased from 1 to
constant and close to the value for water, with or without th80 mM (Figure €). With a longer carbon chain separating the
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Figure 4 Redox control of the deposition patterns in the low surfactant concentration regime. (A) Representative transmission microscopy ime
of the deposition patterns obtained under conditidfigw®e B, with various concentrations (columns) and oxidation rates (lingEA\Bf F

with n = 6 (middle panel) and = 11 (right panel). The left panel (control) shows the corresponding experiments \WiiB®UuE in the

presence of the amount of iron(ll) used to control the oxidation rate (valigesenS4A The scale bar is 1 mm. (B) Representative scanning
electron microscopy images taken in the border (top) or in the center (bottom) of deposited pattefisB}ith§6 M at various oxidation

rates. The scale bar is 1.

two cationic charges at its extremitigeAB?* can thus actas  all patterns were highly reproducible with almost no depinning
a bolaform surfactant capable of signily reducing the observed. In the absence gfAB, and regardless of the
water/air interfacial energy. amount of added iron(lll) Higure SY} particles were

Redox Control of Deposition Patterns. Using the setup  transported by the evaporation-drivem toward the pinned
of Figure B, we then systematically investigated thecontact line, where they accumulated to form typical ring-
morphology of particle patterns deposited from evaporatirghaped deposition patterfsg(re A, left). This corrmed
sessile drops containing anionic particles gh&lBFor that the CRE robustly occurred in our system and was not
F..TAB at various concentrations and oxidation states ected by the small amount of ions added to control the
F.TAB, initially synthesized in its reduced form, was oxidizeakidation state. In contrast, addigDAB to the suspension
by adding controlled amounts of iron(lll). Absorbancedramatically &cted the deposition pattefidure 4, middle
spectroscopyF({gure SR of F,TAB" ( = 437 nm) and and right). With the reduced form fTAB, we observed a
F.TAB** ( max= 627 nm) allowed us to extract their molar progressive transition from a ring- to a disk-shaped pattern
extinction coecients {[able Sp and quantify the JFAB when [R,;TAB'] increased from 0 to 80M (Figure A,
oxidation rate, deed as ., = [F,TAB*J/[F ,TAB], as a right). This can be explained by the progressive neutralization
function of added iron(lll)Kigure SB We found that the  and hydrophobization of particles by surfactant adsorption, in
reaction was fast and almost quantitative fonoBh(Figure agreement with zeta) (potential evolution observed at lower
S3A,§andn =11 (Figure S3B D This allowed us to adjust particles and surfactant concentratidigsi(e Sp This led to

ox at stable values, which we named for convenience 0, 20, gérticles adsorbing and accumulating at the water/interface
60, 80, and 100% (exact values givéabie S). instead of being transported by the evaporation-dowen

We started to explore theeet of adding FAB at a low  toward the contact line. Upon evaporation, adsorbed particles
concentration (<100M, Figure A). Under these conditions, were eventually deposited by the descending interface to form
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Figure 5.Redox control of the deposition patterns at high surfactant concentraf®nd/). Representative transmission microscopy images
of the deposition patterns obtained under conditidfigwfe B, with various concentrations (columns) and oxidation rates (lingEA\Bf F
with n = 6 (middle panel) and = 11 (right panel). The left panel (control) shows the corresponding experiments \WiiB®luE in the
presence of the amount of iron(lll) used to control the oxidation rate (vafimpsdénS4B The scale bar is 1 mm.

a dense disk of particles, in agreement with the knownWhen FTAB was used at a higher concentration (100
mechanism of CRE cancedlatiby oppositely charged 1000 M), a signicantly dierent phenomenology was
surfactants?® Interestingly, this evolution was observed forobserved Rigure 5. Without added oxidizing salty( =
all oxidation rates tested but with the appearance of the di6ko), even ifngering instabilities (e.g.; [AB] = 400 or 800
morphology at a characteristi¢gT’RB concentration signri M) and/or contact line depinning (e.g.;/FAB] = 400
cantly decreasing from about 80 toMiOvhen ,increased 1000 M) were observed, it appeared that increasing§F
from 0 to 100%, i.e., whepTAB became both more charged resulted in the maintenance of mainly disk-like deposits for
and more hydrophilié-{gure A, right). Since it is known that 6 while ring-like patterns emergednfer 11. F;TAB thus
increasing the hydrophilicity of a surfactant decreases hshaved as a conventional cationic surfactant, with over-
e ciency to cancel the CRE® by cooperative adsorption on charging of the particles at high concentrations due to bi- to
oppositely charged parti¢feshis result shows for thest multilayered surfactant adsorption on the particle surface
time that the electrostatic neutralization of the particles bffFigure Sp thus preventing particles to adsorb at the water/
surfactant adsorption predominates hydrophokittseto air interface and favoring the CRE &gainin contrast,
control the CRE. As a consequence, we could tune tH&TAB', which has much weaker amphiphilic properties in this
morphology of the deposition pattern atxad FK,TAB concentration rang&igure £) than R,TAB' (Figure €),
concentration by simply adjusting the surfactant redox statead much less propensity to self-assemble on particle surfaces
For instance, with [[TAB] = 20 M, patterns evolved froma to form bi- or multilayers, resulting in the incapability to
ring to a more homogeneous disk pattern wheéncreased  overcharge the particleBigure Sp For o > 0%, the
from O to 100%Higure A, right). The same overall pattern increasing amount of multivalent salts used to control the
evolution was observed wiyTAB (Figure A, middle) but oxidation rate resulted in the formation of disk patterns in the
the transition from ring to disk was obtained either at a highebsence of JFAB (Figure 5left). Notably, this phenomenon
oxidation rate for the same surfactant concentration or atveas correlated with the added iron(lll) concentration, with
higher surfactant concentration (8M) for the same  rings and disks systematically occurring for added iron(lll)
oxidation evolutionHjgure C). This shows that for a given 60 and 150 M, respectivelyF{gure S} By screening
surfactant charge, increasing the hydrophobicity of its talectrostatic interactions, multivalent cations at a high
increases its eiency to cancel the CRE by favoring its concentration are known to induce the adsorption of anionic
capability to neutralize oppositely charged particles througlarticles at the water/air interfateéhus preventing the CRE
cooperative adsorptithan e ect established for monovalent and allowing a homogenization of the particle deposits. With
surfactants®® but never observed for a higher or varyingits low amphiphilic propertiessTBB did not perturb this
electrostatic charge of the polar head. Using scanning electeoect and disks were systematically obtairegiré 5
microscopy (SEM), wenally analyzed the microscopic middle). In contrast, with its stronger amphiphilic character,
organization of particles in the deposits obtained with 8B8,,TAB could counteract the salteet and induce the

M FsTAB (Figure 8) and with 20 M F;,TAB (Figure Sp formation of rings at a high concentratidigyre 5 right),

In both cases, with an increase jy we observed a probably again by multilayered adsorption, fAB* and
progressive transition from heterogeneous deposition (ringprticle overcharging. However, increagjpgvas accom-
of ordered particles (polycrystalline assemblies) to monganied by an increased relative amount,6AB?*, which
uniform deposition (disk) of disordered particles. Due to thdad a much-reduced self-assembling chafagtee (€). As
progressive neutralization of particles with the increase @nconsequence, rings could be obtained only wheniensu
surfactant charge, highly repulsive particles at,Javere remaining amount of ,fFAB* was present in solution
transported to the contact line by the CRE and packed there {fF;,TAB'] > 300 M), as shown by the correlation between
an ordered manriérwhile at high ,, they became less ring occurrence and remaining [RAB'] ( Figure SB Hence,
repulsive (morésticky) and accumulated at the water/air the total concentration of,FAB necessary to obtain a ring
interface to be deposited in an amorphous n&nner. pattern in this regime increased wjith(Figure 5right).
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Figure 6 Electrochemical control of particle deposition in a closed system. (A) Scheme of the experiment. Without adding any chemicals, appl
a constant potential in a three-electrode redox cell contglifBgaows 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
deposition patterns as a function of the actual oxidation rgté@Bffér [R;TAB] = 20 M (top), 60 M (middle), or 160 M (bottom).

Figure 7.Schematic evolution of the colloid-surfactant interaction and resulting deposition pattern as a fungfid/BodqAgdntration, (B)
oxidation rate, and (C) in the presence of high amounts of multivalent salts.

Dynamic Electrochemical Control in a Closed System.  a similar redox control but in a closed system, i.e., without
We demonstrated that the deposition pattern was controlleatiding any variable amounts of reducing or oxidizing
by adjusting the oxidation rate of the redox-sensitive surfactanblecules. To this end, we used a three-electrode chro-
F.TAB obtained by the addition of oxidizing entities (iron 1ll noamperometry setup to adjust the oxidation rate;dAB F
ions). We thus explored whether it could be possible to achieselution (5 mM in a solution of 100 mMM3©,) in time by
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applying an oxidation potential of +0.25 V followed by a&oncentration thangFAB (Figure A). A further increase in
reduction potential 0f0.25 V fFigure &). This resulted inan  F;;TAB concentration led to the formation of rings again due
increase of ,, upon oxidation up to 100% followed by a to the overcharging of the particles by multilayered adsorption
decrease over time whefTAB wasin situreduced again. of the surfactant on their surface, in agreement with the known
Aliquots of that solution were taken along the course of the ect of cationic surfactants on the CREHowever, we
reaction and the actual value gf was established by observed for thest time that this was not the case for a short-
absorbance. Each of these samples was diluted to a desingdrophobic tail surfactant suchf##\B because its reduced
concentration of JFAB and mixed with particles (2 -mg self-assembly ability prevented froroient particle over-
mL 1), and a drop of the resulting suspension was allowed tharging. Increasing hydrophobeécts, by favoring surfactant
dry under the conditions &igure B. We found that the self-assembly and cooperative adsorption on oppositely
pattern evolution uponsFAB electrochemical oxidation charged nanoparticles, thus promoted both the formation of
(Figure 8) was in striking agreement with what was observedniform disk patterns at low surfactant concentrations and the
by chemically oxidizing¢TAB (Figure 4, middle). reappearance of rings at higher concentrations. Interestingly,
Regardless of,, deposits displayed a ring-like morphologywe found that oxidizing,FAB', although decreasing its
at a low ETAB concentration (20M) when the surfactant hydrophobic and self-assembly character, led to a transition
did not interact much with the oppositely charged particlekom a ring to disk pattern for botgTAB and F,TAB
(Figure 8, top) and a disk-like one at a higher concentratiorfFigure B). This was again due to the neutralization of
(160 M) when the surfactant electrostatically adsorbed anplarticles, which, at &ed FTAB concentration, was more
neutralized the particleBidure &, bottom). Notably, at the e cient at a higher fraction of the dicationic form of the
same intermediateTAB concentration (60M), a similar surfactant, i.e., at a higher oxidation rate. This emphasizes the
and progressive evolution from a ring-like pattern to a mofgredominant role of electrostatics in controlling the CRE in
homogenous disk was observed whenst increased from oppositely charged particle-surfactant systems and how
almost 0 to 100%F{gure &, middle), interpreted as a surfactant self-assembly can modulate it. Increasing the
signature of the increased electrostatic binding betfié@ F  surfactant chain length thus decreased the concentration at
and the particles upon enriching the solution in the oxidizeavhich the ring-to-disk transition was obtained either by adding
dicationic form of the surfactant. This consistent patterithe surfactant of a given oxidation rate or by oxidiziega
evolution as a function of,TAB concentration and its concentration of the surfactaRtgre A). Finally, studying
oxidation rate, regardless of the nature of the oxidation methbigh concentrations of the surfact&igy(re ¥ involved high
(electrochemical vs chemical), highlights éRibility of the ~ amounts of iron(lll)/iron(ll) and thus allowed to have
redox control approach and the determinant rolg, insights on the ect of surfactants versus that of multivalent
directing the morphology of particle deposits. The electrgalts present in the solutioffigure T). At high salt
chemical actuation also allowed us to reverse the stimulatiépncentrations, disk patterns were systematically obtained in
by reducing fTAB once it was fully oxidized. We found that the absence of surfactants. When surfactants were added, this
the resulting pattern evolution was fully reversible for all testé¢fS unchanged as long as surfactants were not hydrophobic
concentrationsF{gure 8). This was particularly noticeable enough to create multilayers and overcharge the particles. This
for the intermediate concentrationg{[AB] = 60 M) for was the case fogTAB" and FTAB™ (too short tail) and
which the patterns evolved back from a disk-like shape toFaTAB*(too polar). Only suciently large amounts of
marked ring pattern whep, decreased from 100 to 10.6%. F1,TAB" (high F;TAB concentration and low oxidation
Note that, in the absence gTAB, only ring-shaped patterns rate) could overcharge therpicles and avoid their
were obtainedjgure Sp showing that any signant role of ~ accumulation at the water/air interface, leading to ring-shaped
remaining amounts of,80, after dilution can be excluded. patterns.
All of these results demonstrate that the redox control of
particle deposition from drying drops is not limited to =~ CONCLUSIONS
chemical oxidation and can be robustly controlled througiwe showed for thesst time how the deposition pattern from a
an electrochemical approach, thus allowing dynamic adélying sessile drop could be controlled by a redox stimulus at
additive-free modulation of the deposited patterns. both macroscopic (from ring to disk morphology) and
Overview. Figure 7summarizes, in a schematic mannermicroscopic (from crystalline to amorphous) levels. Achieved
the role of the main parameters we have investigated to contbyl simply adding a redox-sensitive surfactant in a colloidal
particle deposition in drying drops containing anionic colloidsuspension drop, the method allowed not only a full
and cationic redox-sensitive surfactants. WithbABFthe cancellation of the cee-ring eect (CRE) but also a
evaporation-driverow accumulated charged colloids at thereproducible and user-ded adjustment of the deposit
contact line, where repulsive particles assembled in an ordemgorphology, ranging from a marked ring to a homogenous
fashion to form a polycrystalline ring. IncreasiigBF  disk pattern when typically switching from reductive to
concentration led to a neutralization of the particles and thedxidizing conditions. We demonstrated that the oxidation
accumulation at the water/air interface to form a uniform aneate of the surfactant can be tuned either chemically by simply
amorphous disk-shaped deposit after driyiggré A). This adding oxidizing molecules or electrochemically through the in
is similar to what can be obtained with conventional salts aitu application of a potential in an additive-free manner,
millimolar concentrations except that thésteoccurred here  highlighting the robustnessxibility, and reversible character
in a micromolar concentration regime due to the cooperativef the approach. At a fundamental level, this studgarglyi
adsorption of surfactants on the oppositely charged surfaceraproved our understanding of the general role of surfactants
the anionic colloids. This self-assembly is all the moeme  in controlling the CRE of oppositely charged colloids, with the
that surfactants are hydrophobic, explaining that, for a givésllowing points that are worth being highlighted: (1) by
oxidation rate,;fTAB led to the formation of a disk at a lower promoting particle accumulation at the water/air interface,
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