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Abstract

An efficient method for the synthesis of novel artilants in the form of ionic liquids (ILs)

was described in the framework of this study. The Wwere obtained by the reaction of
guaternary ammonium hydroxides with gallic acidwasl as the protonation of amphoteric
betaine. The following physicochemical propertiéstiee obtained ILs were characterized:
solubility in water as well as in polar and nongrabrganic solvents, octanol-water partition
coefficient, thermal stability, and surface activifhe investigation of bactericidal activity
indicated that the synthesized gallates exhibitegh lefficacy against bacteria, especially
againstBacillus subtilis. The DPPH radical scavenging assay confirmed thtexadant

properties of gallate ILs.
Keywords: lonic liquids; Gallic acid; Antioxidant; Radical ®eenging activity.

1. Introduction

Antioxidants are substances which are capableafgnting oxidation as a result of reducing
the concentration of free radicals or chelating ah&ns. Some well-known antioxidants
include L-ascorbic acid (vitamin C)-tocopherol (vitamin E), carotenoids prcarotené:?
Among natural antioxidants occurring in plantshe form of polyphenols, gallic acid (GA)
exhibits one of the strongest antiradical propertige to efficient protection against different
reactive specieSGA has also exhibited other forms of biologicaiidty, such as anticancer
properties, due to the inhibition of the growthlohg cancer or prostate cancer cells with
stem-like propertie$ This natural phenolic acid can be used as a radufar the preparation
of highly reduced graphene oxide at room tempeedtar can generate hydrogen peroxide

situ from air in slightly basic medi.



During recent years, ionic liquids (ILs) have beescribed as solvents with high chemical or
thermal stability and low vapour pressirits have found wide application in the synthesis
of various forms of antioxidants. Primarily, thegncbe used as environmentally friendly
catalysts for the preparation of GA esters, act as the reaction solvent in the galloylatibn
catechins. ILs are applied as sustainable dual solvent-csislfor the preparation of an
tocopherol derivativé? Moreover, they have been used in the preparatibmavel
compounds with antioxidant activigyg. the synthesis of naphthoquinone - urazole hyBfids.
In addition, ILs have been used for the productbmpolypyrimidine-amide antioxidants by
polycondensation in a mixture of IL and triphenyhogphite’> Current research has
demonstrated that imidazolium ILs could be potém#ndidates for antioxidants capable to
the neutralize the hydrogen peroxide or raditls.

The rapid progress of studies in this field contrdal to a steady advance from first generation
ILs (with unique, designable physical propertied)iough the second generation (with
targeted chemical properties, combined with seteqt@ysical properties), to the third
generation (with targeted biological propertiesmbmed with physical and chemical
properties)* The third generation of ILs have been discussecaaive pharmaceutical
ingredients’“*> Herbicidal ionic liquids were introduced in 20%LIn recent years, widely
applied formulations of antioxidants were esterschs as propyl or lauryl gallatés.
Moreover, it is possible to prepare water solulsigoxidants in the form of cholinium-based
quaternary salt The aim of this work was improve activity and pedes of gallic acid by
turning it into multifunctional ILs. These compouwndiay have a wider range of tunable
properties than traditional forms of antioxidarExcept high water solubility, ILs can also
exhibit antibacterial properties and improved stefactivity.

2. Result and discussion
2.1. Synthesis of ILs precursors

Quaternary ammonium salts and an amphoteric sarfa¢fig. 1) were applied as starting
materials in order to obtain ILs with the gallatecen. Each bromide salt was obtained by the
guaternization (Menshutkin reaction) of tertiary im@s and long chain alkyl bromides
(Scheme S1, ESI). The time of the reaction wasrapéid to achieve full conversion. Optimal
time was determined witim situ IR spectroscopy (ReactIR 15, Mettler Toledo) armtpssed
by iC IR software. This method let us monitor theect alkylation of the amine and define
the mechanism of the reactibhlR spectra of the reaction mixture at the begigrand end

of the synthesis are shown in Fig. S1-S4, ESI. He tase of [DMEA][Br], the
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disappearance of band intensity at 1035'emas mainly observed. This band can be assigned
to the C-O out-of-phase stretching vibrations oflidethylethanolamin€ During the
quaternization of 1-methylmorpholine, stretchingrations at 1145 and 1122 ¢ntan be
observed which are attributed to C-N stretchingatibns?' Slight differences between the
IR spectra were observed in the case of the reactimvolving 2-[2-

(dimethylamino)ethoxy]ethanol. Initially, a redumti of the intensity at 1055 ¢hoccurred.
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CH,4 ( j
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/ \CH
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CHs CHs o)
+ +
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CHs CH3
[C12DMEEA] [C4.Bet]

Fig. 1.Chemical structures of the cations.

Table 1.Prepared precursors of ILs.

Compounds R R? T(ILT‘)IG Yield(%) (TE‘)
[C1o:DMEA][BTr] C10H21 CH,CH,OH 2.75 94 156
[CloM MOI‘f][BI’] C 10H21 - 23.00 95 188

[C1.DMEEA][BTr] CioHzs  (CHCH,O)H 2.50 98 56
[C1-Bet] CioHos - 2.00 96 -

The reaction also results in the appearance ofifspéands which can be assigned to the
complexes with the quaternary ammonium 3dihe new bands appeared in the region
ranging from 1100 to 700 c¢th(1089, 970, 921 cthfor [C;cDMEA][Br]; 1044, 917, 899 cm

! for [CioMMorf]; and 1070, 977, 921 cthfor [C.DMEEA][Br]). The quaternization
reaction between a fatty amine and the potassilinofsehloroacetic acid was applied for the
preparation of alkyl betaines. The characteridigoaption peaks of C=0 stretching vibrations

of the carbonyl group appeared at 1648*cffihe longest reaction time necessary to obtain



the maximum concentration of the product was oleskia the case of [[gMMorf][Br] and

was 23 h (Table 1). The other precursors of ILslccdne synthesized more rapidly (in the

range of 2-2.75 h). No major side products wereenlesi. After the purification of products

from the starting reactants, the compounds werairdd in yields ranging from 94 to 98%.

The resulting bromides were white or yellow sohdgh a melting point in the range of 56-

188 °C and the amphoteric surfactant had a greassistency.

2.2. Synthesis of ILs

Antioxidant ILs were prepared using the two meth@dssented in Scheme 1. The first

method, based on a neutralization reaction, cansi$ttwo stages and can be used to

synthesize various types of IE%.
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Scheme 1Synthesis of gallate ILs.
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Table 2.Prepared ILs and their physicochemical properties.

Yield Stateat T Tonsets  Tonsetso

ILs Method (%) 25°C °C) (°C) (°C)
[C1:DMEA][Gal] I 98 liquid 6.7 174 241
[CicMMorf][Gal] I 97 wax 35.8 193 254
[C..DMEEA][Gal] I 98 liquid -3.6 185 260
[C1.Bet][Gal] Il 99 wax 15.3 194 275

Ty — glass transition temperatur€fonsers — decomposition temperature of 5% sample;
“Tonsetso— decomposition temperature of 50% sample.

The synthesis started by preparation of a solutibmuaternary ammonium hydroxide in
methanol using an anion exchange resin to replaeebtomide ion. Next, a neutralization
reaction with GA was conducted at low temperaturesaddition, a hydroxide solution was
progressively introduced to the acid solution dughe low stability of GA at high pH. The

IL with [C1.Bet] cation was obtained using the second methdu¢hwinvolved a one-step
protonation of the carboxylate group of betéiria methanol with GA. An overview of the
prepared ILs is shown in Table 2. In both methdwssynthesized ILs do not require further
purification after evaporation of the solvent. Iddaion, the products were dried under
reduced pressure (5 mbar) for 24 h at ambient teatyre and stored at a low temperature in
the dark. The described methods gave the ILs witield exceeding 97%. Water content was
determined by Karl-Fischer titration and amount@&®0-800 ppm. Two of the obtained ILs
containing hydroxyl groups were liquids at room pamature. Other salts were waxes. The
structure of the synthesized compounds was confirne’H and *C NMR spectroscopic
analysis. The obtained spectra are presented inSHkp4, ESI. The synthesized ILs showed
only one signal derived from the anion in the farfra singlet in the range of 6.84-6.93 ppm,
which is generated by the protons of the galliclarbmatic rind? In the case of the cations,
the protons of the long alkyl chain are locatedO&6 ppm for the methyl group and
approximately 1.24 and 1.63 ppm for the methylemeips?’

2.3. Thermal properties

Short-termthermal stabilities of the salts were determinedtbéyperature-ramped TGA
experiment$® As shown in Table 2, all the prepared ILs exhibitégh thermal stability and

manifested Jhsetsoin the range of 241-274 °C. Nonetheless, obtac@dpounds were less
stable than GA® According to the literature, ILs containing shether groups are less
thermally stable compared to alkyl-substituted agaés’® However, the least stable salt

among the antioxidant ILs was {{ODMEA][Gal], without an ether linkage, which also



exhibited the lowest value of,%es (174 °C). The obtained results indicate that tres@nce
of long alkyl chains and their elongation does afféct the stability of ILs. The prepared
antioxidant ILs with long alkyl chains mainly undemnt a three-step decomposition (Fig.
S20. ESI). [G.Bet][Gal] was an exception, with a clear two-stegrinal degradation process.
No prepared ILs demonstrated melting points and trgstallization temperatures were in
the range of -100 to 120 °C. Based on the restilBS& analyses, it could be concluded that
gallate ILs have no tendency to crystallize upoaliog and mainly remain in the glass state.
Additionally, they can exhibit high glass transitimmperature.g. Ty= 35.8 °C in the case of
a compound with a morpholinium cation. The lowesiues (f = -3.6 °C and 6.7 °C) were
observed for ILs [DMEEA][Gal] and [GoDMEA][Gal], which comprised the ethoxyl or
the hydroxyl substituent in the structure of thearg respectively.

2.4. Octanol-water partition coefficient

The octanol-water partition coefficients o were determined in order to describe the
hydrophobicity of the gallate ILs. In addition, shpparameter allows definition of the
environmental risk as associated with bioaccumutatr toxicity, because it reflects the
partition of the compounds in biotic systems. Thg, Kalues calculated for gallate ILs are

shown in Table 3.

Table 3. Solubility in water and octanol-water partition fo@ents of gallate ILs and GA
(2 mmol LY at 25 °C .

Solubility + sd

Compound (g LY Log Kow
[C10DMEA][Gal] 49.16 £ 1.79 -0.35+£0.02
[CioMMorf][Gal] 33.92+2.17 -0.42 £ 0.03

[C1.DMEEA][Gal] totally miscible 0.07 £0.01
[C..Bet][Gal] 20.77 £0.71 0.31+0.01
GA 11.00 £ 0.06 0.32+0.01

Based on the obtained data, it was established Itsatcontaining the [¢MMorf] and
[C10DMEA] cations were the least hydrophobic compouritlengation of the alkyl chain in
the cation increased the, K due to their higher solubility in-octanol. Similar relationships
were found for imidazolium ILE Only [C;.Bet][Gal] exhibited a similar hydrophobicity to
gallic acid. The advantages of synthesized ILslmawmbserved in comparison to other forms
of this antioxidant acid. The most commonly useerssof gallic acid with a long alkyl chain

(e.g. dodecyl gallate) exhibit significant hydrophobjci(log Kow = 5.3), which can



theoretically facilitate their interaction with ttipid membrané® Based on the measureg,K
values, it can be concluded that obtained ILs heweery promising properties. Basically,
compounds with low hydrophobicity and (K values may exhibit a less risk of
bioaccumulatior* However, the K, of different ILs was not constant and dependedhen
concentration of the compound in the aqueous ptlaseio the different dissociation of the
ILs in the water and the octanol phad&$he K., were measured in the concentration range
of 0.25-2 mmol [ in order to evaluate this relationship in casgaifate ILs (Fig. S14, ESI).

A slight increase in the partition coefficient witiicreasing concentrations of obtained ILs
was observed, except for {fMMorf][Gal]. For this IL the greatest range of ld¢y,, was

measured between -0.93 and -0.42.
2.5. Solubility

All the prepared ILs exhibited higher solubilityvivater than GA (11.00 + 0.06 g*).which is
shown in Table 3. However, the properties of gallas strongly depended on the structure of
the cation. The highest solubility in water (beyat@D0 g L) at 25 °C was observed for
[C1.DMEEA][Gal]. The presence of alkoxy chains in thaion and the hydroxyl group can
significantly improve the hydrophilicity and wateniscibility of salts®® In addition, the
increase of hydrophobicity due to the longer alglyhin does not significantly affect the
solubility in the presence of strongly hydrophiicoups. The lowest water solubility was
determined for [&Bet][Gal] and amounted to 20.77 + 0.71 d.[Thus, the selection of an
appropriate cation can successfully change thebgityuof ILs with the gallate anion to a
different degree, until complete dissolution isiaebd. The solubility of the synthesized ILs
in other solvents is presented in Table 4. Dueh#rtpolar character, all the obtained ILs
were also highly soluble in polar protic and apratolvents such as methanol and DMSO.
However, not all gallate ILs exhibited solubility acetonitrile. Likewise, the prepared ILs
were characterized by low solubility in the casetbfer, less polar solvents. ILs containing an
alkyl group with 12 carbon atoms exhibited solubiln isopropanol, but only [GBet][Gal]
was easy dissolved in acetone and showed limitledbidioy in ethyl acetate. Like most of the
ILs, the antioxidant salts are not soluble in a#isih (eg. hexane) and other non-polar

solvents due to the significant difference in piyar



Table 4. Solubility of the prepared ILs at 252C

Cation
Solvent [GoDMEA]  [CioMMorf]  [C12DMEEA] [C1-Bet]
Methanol
DMSO

Acetonitryle
Acetone
2-Propanol
Ethylacetate
Chloroform

Toluene

Hexane
green”, complete solubility; “yellow”, limited dobility; “red”, insoluble.

au

2.6. Antioxidant properties

Antioxidant activity of gallate ILs was measuredhgsthe DPPH assay. This method involves
the reduction of a stable free radical locatedranrtitrogen atom of the DPPH molecule by
the tested antioxidants and is widely used to etalthe scavenging properties of a single
compound or plant extracts containing various aid&nt substancésdue to its simplicity
and high repeatability.
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Fig. 2. Measured Ig, values of tested ILs.



The scavenging efficacy of ILs against DPPH radig¢almethanol as a solvent is shown in
Fig. 2. Our study indicates that all gallate ILe aery good antioxidants and exhibit better
activity than commonly used compounds, such asoXf8IGA was used as a positive control
and the results were expressed as thg parameter. Generally, GA derivatives (such as
esters) exhibit lower antiradical activity in comigan to the free acitl. The presence of a
linear chain and the steric effect or the intraroolar and intermolecular hydrogen bonding
of such chains could affect the activity of antitets®® The obtained results indicate that all
the synthesized ILs exhibited slightly higher atistically insignificant differences in radical
scavenging capacity compared to GAsJ€ 5.53 + 0.15). Additionally, the negative impact
of a long alkyl chain in the cation on the antiaad properties was not observed in case of
the gallate ILs. [&Bet][Gal] and [G.DMEEA][Gal] were the most effective in the inhilati

of DPPH radicals in a methanol solution, withhyd@alues equal to 4.69 + 0.15 and 4.82 £
0.19, respectively. In general, betaine derivativesy exhibit a different activitg.g. glycine

betaine does not have antioxidant activity.
2.7. Anti-microbial activity

Phenolic acids, such as gallic acid, exhibit amti&aal activity against both Gram-positiv@ (
aureus andL. monocytogenes) and Gram-negative bacteri oli , MIC = 1.5 mmol [* and

P. aeruginosa, MIC = 5.9 mmol ).*° The determined minimal inhibitory concentration
(MIC) and minimum bactericidal concentration (MB@lues are shown in Table 5. The
results indicate that all the synthesized ILs eithdmtimicrobial properties and that their
activity is selective. Generally, the synthesizatlage ILs are moderate bactericides. All salts
exhibit weaker activity in comparison toeg. benzalkonium chloride or
didecydimethylammonium chloridé.The lowest antimicrobial activity was observed for
[C1oMMorf][Gal] with MBC values of 9.5 mmol I againstM. catarhallis and E. faecium,
and 19.0 mmol 1 againstS. marescens. The most effective ILs were [@Bet][Gal] and
[C1.DMEEA][Gal], followed by [GoDMEA][Gal] and [GMMorf][Gal]. [Ci-Bet][Gal]
exhibited anti-microbial activity against all tedtbacterial strains at a concentration of 2.2
mmol L' and lower, except foP. aeruginosa (activity at 8.8 mmol [* and higher).
Generally, the antimicrobial activity of ILs inciesd with the extension of the alkyl chain and
the optimal number of carbon atoms was usually ®éenv10 and 18 It was also observed
that the differences between the MIC and MBC valabtained for the studied ILs were

marginal.
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Table 5. MIC and MBC valuekfor gallate ILs.

Strains [GIDMEA]  [CioMMorf] [C1,DMEEA] [Ci:Bet]
M. luteus MIC 4.9 9.5 2.1 2.2
MBC 4.9 9.5 2.1 2.2

S epidermidis MIC 2.5 4.7 2.1 1.1
MBC 2.5 9.5 2.1 1.1

S aureus MIC 2.5 2.4 2.1 2.2
MBC 4.9 2.4 2.1 2.2

M. catarrhalis MIC 4.9 9.5 2.1 1.1
MBC 4.9 9.5 2.1 1.1

E. faecium MIC 2.5 9.5 2.1 1.1
MBC 2.5 9.5 2.1 1.1

E. coli MIC 2.5 9.5 1.0 1.1
MBC 4.9 9.5 1.0 1.1

P. aeruginosa MIC 4.9 9.5 2.1 8.8
MBC 9.8 9.5 4.1 8.8

S marescens MIC 9.8 19.0 4.1 1.1
MBC 9.8 19.0 4.1 1.1

P. wlgaris MIC 4.9 4.7 2.1 1.1
MBC 9.8 9.5 2.1 1.1

B. subtilis MIC 1.2 2.4 1.0 1.1
MBC 1.2 2.4 1.0 1.1

2in mmol L™

2.8. Surface activity

Critical micelle concentration (CMC), surface temsiat CMC {cmc), maximum surface
excess [[may, minimum area per molecule ), adsorption efficiency (pf) and contact
angle (CA) were characterized and are shown inel@biThe precursors of the obtained ILs
demonstrated good surface activity. In the cas¢CefMorf][Br] and [C;;DMEA][Br] the
critical micelle concentrations were at 61 mmaét Land 63 mmol L, respectively’? In

contrast, pure GA did not reduce the surface tensiavater.

Table 6. Surface properties of synthesized ILs.

CMC reme  10Tmax  Amn  PCao  CA

ILs (mmol LY (m'l\; M molm?) () ©)
[C.DMEA[[Gal]  27.54 3512 255 651 216 759
[CiMMorfl[Gal]  21.87 3563 249 665 225 652
[CLDMEEA[[Gal]  8.71 3034 239 696 288 724
[C1,Bet][Gall 0.71 3461 232 715 382 538
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However, the agueous solutions of the obtainedxidant ILs efficiently reduced the surface
tension of water. Significantly lower values of CM characteristic for ILs containing the
dodecyl alkyl chain in the cation. The lowest vabieCMC was observed for jgBet][Gal]
(0.71 mmol ') and for [G.DMEEA][Gal] (8.71 mmol ). Thanks to low CMC values,
these salts can be described as good surfactatfitswiace activity similar to conventional
compounds such as cetyltrimethylammonium bromid@ tamol L'}* or sodium dodecyl
sulfate (8.4 mmol 1).*> Antioxidant ILs have good wettability propertieSontact angle
(CA) values of gallate ILs were determined baseddmp shape analysis on the examined
surface (paraffin) and are also presented in Té&bl&he value of CA of water as a pure
solvent on paraffin is approximately 111°. In tutihe lowest value of contact angle on the
same tested surface was observed fosH€t][Gal] — 53.8°. Fig. S21. in Supplementary data
shows the surface tension as a function of theriibga of concentration. As can be seen, the
surface tension values of the aqueous solutionsesth@ progressive decrease with increasing

concentration and remained constant above the CMC.
3. Conclusions

The conducted studies introduce a new directionthe synthesis of antioxidants by
preparation of ILs, which may exhibit strong radlisaavenging activity and also act as
efficient bactericidal and surface active ageniffeient ILs derived from naturally occurring

gallic acid can be easily prepared with high effidy using solvents with low toxicity

(methanol, acetone). The selection of an apprapdation allows to design the properties of
the gallate ILs, such as solubility in water, octawater partition coefficient or surface

activity.

Introduction of an antioxidant anion into the stwure of ILs allows to obtain salts, which may
be an alternative to commonly applied compounds, gallic acid esters commonly applied
in the cosmetics industry. In contrast to such coumgls, the gallate ILs exhibit several
additional advantages (low CMC, beneficial octamater partition coefficient, low

MIC/MBC values against Gram-positive and Gram-niegdbacteria).

4. Experimental
4.1. Materials

The following reagents used throughout the studyewmirchased from Sigma-Aldrich and
used without further purification: 1-Bromodecan®%9 CAS 112-29-8), 1-bromododecane
(97%, CAS 143-15-7), dimethyldodecylamine (97%, CAS12-18-5), 2-
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dimethylaminoethanol (99,5%, CAS 108-01-0), 2-[&¥(ethylamino)ethoxy]ethanol (98%,
CAS 1704-62-7), 4-methylmorpholineq8%, CAS 109-02-4), chloroacetic ackb@%, CAS
79-11-8), gallic acid (97.5-102.5%, CAS 149-91-Mda2,2-diphenyl-1-picrylhydrazyl
(DPPH, 95%, CAS 1898-66-4). Other chemicals anddilents were obtained from Avantor

Performance Materials Poland S.A. and used asvest&iom the supplier.
4.2. General

'H and **C NMR spectroscopic analyses were carried out oWadan Mercury 300

spectrometer operating at 300 and 75 MHz. Elememtalyses were performed at the Adam
Mickiewicz University, Poznan (Poland). The watentent measurements were conducted
using Aquastar volumetric Karl Fischer titrationthtvcomposite 5 solution as the titrant and

anhydrous methanol as the solvent.
4.3. Thermal analysis

Thermogravimetric analysis was performed using dtlsteToledo Stare TGA/DSC1 unit.
ILs (between 2 and 10 mg) were placed in aluminamspand heated from 30 to 4%D at a
heating rate of 18C min* under the flow of nitrogen.

Thermal transition temperatures of the preparetd sare determined using a Mettler Toledo
Stare DSC1 apparatus under nitrogen. ILs (betweand515 mg) were placed in aluminum
pans and heated from 25 to 1%Dat a heating rate of P& min®, cooled with an intracooler

at a cooling rate of 18 min* to -100°C and then heated again to 2D
4.4. Antioxidant properties

The DPPH (2,2-diphenyl-1-picrylnydrazyl) radical asenging assay was carried out
according to the method described by Brand-Williagehsl*® Methanol solutions of ILs at

different known concentrations (0.1 mL) was addedhe DPPH solution (3.9 mL, 0.06
mmol LY. The mixture was shaken vigorously and left i ttiark. After 30 min of

incubation at room temperature, the absorbanceweasured at 515 nm with a Rayleigh UV-
1800 spectrophotometer. Gallic acid was used asetieeence standard. All determinations
were performed in triplicate. DPPH antioxidant @tyi was calculated on the basis of the

following equation:
% radical scavenging activity(=‘:—3) -100%

where A is the absorbance of the control and Besabsorbance of the samples.
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The concentrations of ILs which reduced 50% offtiee-radical concentration (¥gvalues,
Table S1, ESI) were processed from the sigmoidsédesponse curves (Fig. S15-S19, ESI)
using the OriginPro 8.5 prografth.

4.5. Solubility

The water solubility was determined according to@lified method described by Marrucho
et al?® Saturated solutions of ILs were prepared in 10giaiss vials by addition of an excess
amount of salts to DI water (1 mL). The vials weneed at a temperature of 25 + 0.2 °C
using a Heidolph MR Hei-End stirrer equipped withl@at-On anodized block. After 48 h of
stirring, equilibrium was reached and the samplesewcentrifuged in order to enhance the
complete phase separation. The concentrationssohlthe saturated solution were quantified
via UV/Vis spectrophotometry. All measurements werefgsmed in triplicate. The
calibration curves of ILs were prepared in DI waded the maximum absorbance values of
salts at different known concentrations were ctdieat the characteristic wavelength of 265
nm for [C.Bet][Gal] and gallic acid or 259 nm for the oth&sl All obtained calibration
curves are presented in the ESI (Table S2, ESI).

The solubility of the ILs (0.1 g) in other solventas measured using the method described in
Vogel's Textbook of Practical Organic ChemisttyComplete solubility’ applies to ILs,
which were dissolved in 1 mL of the solvent, ‘liedt solubility means that ILs were
dissolved in 3 mL of the solvent, ‘insoluble’ amdito ILs, that did not dissolve in 3 mL of

the solvent. All ILs were thermostated at 25 °@ water bath MEMMERT WNB 7.
4.6. Octanol-water partition coefficients

Octanol-water partition coefficients gl of gallic acid and gallate ILs were estimatedtHes
shake-flask method according to OECD guidelfleMeasurements of 4 values were
conducted using mutually saturated solvents (watein-octanol) and in a 15 mL glass vial
containing a magnetic stir bar. Firstly, 5 mL oflbr free acid solution in saturated water
(concentrations in the range of 0.25 to 2 mmd) were added to 5 mL of saturatedctanol.

All vials were shaken at a constant temperatur@sofC. After 24 h, all the samples were
centrifuged and the water phase was collected $yriage. The concentrations of ILs in the
water solution were determinespectrophotometricallysing aUV/Vis spectrophotometer.
Three repetitions of each measurement were perfbrifige calibration curves are presented
in Table S3, ESI.
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4.7. Anti-microbial activity test procedure

Anti-microbial activity was determined by the bratiicrodilution method, according to the
approved standard for aerobic bacteria (CLSI docunmd07-A9). Minimal Inhibitory
Concentration (MIC) and Minimum Bactericidal Contation (MBC) values were
determined. All antimicrobial agents were testea iseries of twofold dilutions from 0.49 to
500 mg mL . Cultures of standard tested strains (24 hrs) waspended in Mueller-Hinton
Broth (MHB) to a concentration of 1616 CFU mL*.

The following microorganisms were used during th&td:Micrococcus luteus NCTC 7743,
Saphylococcus aureus NCTC 4163,Saphylococcus epidermidis ATCC 49134,Moraxella
catarrhalis ATCC 25238, Enterococcus faecium ATCC 49474,Pseudomonas aeruginosa
NCTC 6749, Escherichia coli ATCC 25922, Serratia marescens ATCC 8100, Proteus
vulgaris NCTC 4635, andBacillus subtilis ATCC 6633. Reference strains were supplied by

the Leibniz Institute DSMZ-German Collection of Mdorganisms and Cell Cultures.
4.8. Surface activity

Surface tension measurements were carried out asiD§A 100 analyzer (Kruss, Germany,
accuracy +0.01 mN ), at 25°C. The surface tension was determined using thearerdrop
method. Basically, the principle of this methodagorm an axisymmetric drop at the tip of a
needle of a syringe. The image of the drop (3 msltpken from a CCD camera and digitized.
The surface tensiory {n mN ni') is calculated by analyzing the profile of the liaccording

to the Laplace equation. Temperature was controllsihg a Fisherbrand FBH604
thermostatic bath (Fisher, Germany, accuracy 0Q@. #'he values of the critical micelle
concentration (CMC) and the surface tension alQkkC (yCMC) were determined from the
intersection of the two straight lines drawn in lawd high concentration regions in surface
tension curvesy(vs log C curves) using a linear regression amalysthod. The image of the
drop on the examined surface (paraffin) is thesfsithe determination of the contact angle.
After determination of the actual drop shape amddbntact line, the drop shape is adapted to
fit a mathematical model used to calculate the axnangle. The most exact method to
calculate this value is Young—Laplace fitting (slesdrop fitting). Complete drop contour is
evaluated. After successful fitting of the Youngplaee equation, the contact angle is
determined as the slope of the contour line at3mhase contact point (solid—liquid and

liquid—air).
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4.9. Synthesis of ILs precursors

An acetonitrile mixture (15 ml) containing the lomadkyl bromoalkane (15 mmol) or the
potassium salt of chloroacetic acid (11.25 mmolk wéaced in a semi-automated system
EasyMax 102 (Mettler Toledo) equipped with a 50 ghdss reactor, magnetic stirring bar and
ReactIR probe. After 5 min of stirring at 80 °Ce thppropriate tertiary amine (15 mmol) or
dimethyldodecylamine (11.25 mmol) was quickly add€de reaction was carried out at 80
°C and the optimal time of the reaction was deteeniby ReactIiR iC15 (Mettler Toledo)
equipped with a MCT detector and a 9.5 mm AgX prob#n a diamond tip. Data were
sampled from 2500 to 650 ¢hwith 8 cm’ resolution and processed by iCIR 4.3 software.
Upon completion, the mixture was cooled to 20 °@ #me solvent was removed by rotary
evaporator under vacuum. Next, the obtained precsisere purified by washing repeatedly
with acetone and dried under reduced pressure &)mab60 °C for 24 h.

4.10. Synthesis of ILs

Preparation of ILs was carried out in the semi-mated reactor system EasyMax 102
(Mettler Toledo).

Method I the appropriate quaternary ammonium bdar{D.01 mol) was dissolved with 50
mL of methanol in a 100 mL reaction glass equippéti and mechanical stirrer. Next, 40
mL of anionic resin DoweMonospherés50A in the form of methanolic suspension were
added and the mixture was stirred for 5 h at 25After the anion exchange reaction, the
resin was filtered off and rinsed repeatedly witbtihanol. Afterwards, the obtained solution
of quaternary ammonium hydroxides was slowly intimetl into 50 mL of a methanolic
solution of GA (0.01 mol). The neutralization reantwas conducted for 1 h at 0 °C. At the
end, the solvent was evaporated by rotary evapouatder vacuum and the product was dried
under reduced pressure (5 mbar) at 25 °C for 24 h.

Method II: the amphoteric surfactant (0.01 mol) &8dmL of methanol were poured into a 50
mL glass reactor containing a magnetic stirring blaxt, equimolar amount of GA dissolved
in 20 mL of methanol was added and the reaction aeaslucted for 1 h at a temperature of
25 °C. Afterwards, methanol was evaporated by aryogvaporator under vacuum and the
product was dried under vacuum for 24 h at a teaipez of 25 °C.

[C10DMEA][Gal] - decyl(2-hydroxyethyl)dimethylammoniugallate:

'H NMR (DMSO-ds, 300 MH2) & (ppm) = 0.83-0.87 (m, 3H, (GHCHa), 1.18-1.31 (m, 14H,
CHz(Cﬂg)zCHg), 1.63 (br.s, 2H, ﬁCHzCﬂg(Cth), 3.04 (s, 6H, NCﬂg)_g), 3.26-3.31 (m,
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2H, HOCHCH,N"), 3.35-3.38 (m, 2H, KCH,CH,(CH,)7), 3.81 (br.s, 2H, HOCKCH;N"),
6.85 (s, 2H, Ar);*C NMR (DMSO4s, 75 MH2) & (ppm) = 14.0, 21.8, 22.1, 28.5, 28.7, 28.8,
28.9, 31.3, 50.7, 54.9, 64.2, 64.7, 109.0, 12736,8, 145.9, 171.4; elemental analysis calcd
(%) for G1H3;NOg (M = 399.53 g mat): C = 63.13, H = 9.34, N = 3.51, found: C = 63.R9,
=9.21, N = 3.37; IR (neat) 3600-3100 (br), 292952, 1681, 1546, 1467, 1348, 1220, 1180,
1091, 1041, 965, 883, 796, 733, 679tm

[CioMMorf][Gal] - 4-decyl-4-methylmorpholinium gallate:

'H NMR (DMSO-ds, 300 MH2 & (ppm) = 0.83-0.88 (m, 3H, (GH#CHs), 1.18-1.31 (m, 14H,
CHy(CH,)7CHz), 1.63 (br.s., 2H, NCH,CHy(CHj)7), 3.10 (s, 3H, RCHg), 3.37-3.42 (m, 6H,
N*CH,CHy(CHy)7, (N'CH,CH,0)y), 3.82-3.93 (m, 4H, (\CH,CH,0),), 6.84 (s, 2H, An)>C
NMR (DMSO-ds, 75 MH2 & (ppm) = 14.0, 22.1, 25.8, 28.5, 28.7, 28.8, 28X9,(29.0, 29.1,
31.3, 45.8, 58.9, 59.8, 64.0, 109.1, 127.3, 13648.1, 171.8; elemental analysis calcd (%)
for CooH3/NOg (M = 411.54 g mot): C = 64.21, H = 9.06, N = 3.40, found: C = 64.5835
9.22, N = 3.21; IR (neat) 3600-3100 (br), 2931, 288685, 1550, 1525, 1469, 1346, 1217,
1180, 1120, 1092, 1041, 968, 891, 856, 794, 72¥.cm

[C1.DMEEA][Gal] - dodecyl[2-(2-hydroxyethoxy)ethyl]dintieylammonium gallate:

'H NMR (DMSO-ds, 300 MH2 & (ppm) = 0.83-0.88 (m, 3H, (GH#$CHs), 1.18-1.31 (m, 18H,
CHy(CH,)oCHz), 1.62 (br.s., 2H, NCH,CHx(CHy)g), 3.03 (s, 6H, R(CHa),), 3.24-3.29 (m,
2H, OCHCH,N"), 3.44-3.53 (m, 6H, RNCH,CH,(CH,)e, CH,OCH,), 3.79 (s, 2H,
HOCH,CH,0), 6.85 (s, 2H, Ar)**C NMR (DMSOds, 75 MH2) & (ppm) = 14.0, 22.1, 25.8,
28.5, 28.8, 28.9, 29.0, 29.1, 31.3, 50.7, 60.08,623.9, 64.3, 72.2, 109.1, 126.5, 137.1, 146.0,
171.4; elemental analysis calcd (%) fossluNO; (M = 443.58 g mot): C = 62.21, H =
9.32, N = 3.16, found: C = 62.02, H =9.17, N 28, IR (neat) 3600-3100 (br), 2927, 2857,
1697, 1538, 1467, 1350, 1218, 1182, 1124, 1041, 884, 794, 729, 659 chn

[C1-Bet][Gal] - dodecyldimethylglycine gallate:

'H NMR (DMSO-ds, 300 MH2 & (ppm) = 0.83-0.88 (m, 3H, (GH#$CHs), 1.17-1.30 (m, 18H,
CHa(CH,)sCHs), 1.62 (br.s., 2H, KCH,CHy(CHy)o), 3.14 (s, 6H, K(CHs),), 3.45-3.51 (m,
2H, N'CH,CHa(CHy)o), 3.69 (s, 2H, HOOCCHN™), 6.93 (s, 2H, An*C NMR (DMSO«,
75 MH2Z) & (ppm) = 14.0, 22.2, 26.0, 28.7, 28.8, 28.9, 29x),(29.2, 31.4, 50.1, 63.0, 63.9,
109.0, 121.4, 138.0, 145.8, 165.6, 168.1; elemamalysis calcd (%) for £gHzgNO; (M =
441.57 g mot): C = 62.56, H = 8.90, N = 3.17, found: C = 62.F3= 8.79, N = 3.25, IR
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(neat) 3600-3100 (br), 2927, 2855, 1689, 1614, 13984, 1454, 1394, 1332, 1270, 1242,
1188, 1047, 1024, 900, 879, 773, 727, 692 cm

4.11. Statistical analysis

Comparisons of antioxidant measurements were daoig in STATISTICA 12 (StatSoft)
using one-way analysis of variance (ANOVA) with Byis test for post hoc analysip €
0.05).
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