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Abstract

A series of novel analogues of glycine-betaineddiguids (AGB-ILs), viz. 1-(4-ethoxy-4-oxobutyl)-1
methylpyrrolidin-1-ium,  N,N,N-triQ-butyl)(4-ethoxy-4-oxobutyl)-1-phosphonium  and NN,
trialkyl(4-ethoxy-4-oxobutyl)-1-aminium cations it ethyl, n-propyl and n-butyl alkyl chains,
combined with the bromide anion, have been syntkdsiand characterized. Their synthesis and
characterization by spectroscopic methods and el&hanalysis is here reported. These ILs were
further characterized in what concerns their thépmaperties and ecotoxicity agaimstvibrio fischeri,

and compared with the commercial tetra(ityl)ammonium and tetre{putyl)phosphonium bromide.
The novel AGB-ILs described in this work have loweltmg points, below 100 °C, display high
degradation temperatures (180-310 °C), and lowciiyxas shown by being harmless or practically
harmless towards the marine bacte&ibvibrio fischeri. Finally, the ability of the synthesized AGB-ILs
to form aqueous biphasic systems with potassiumateftitric acid (at pH 7) was evaluated, and the
respective ternary phase diagrams were determihésl.shown that the increase of the cation alkyl
chain length facilitates the creation of ABS, ahdttphosphonium-based ILs present a slightly better

separation performance in presence of aqueousawutf the citrate-based salt.

Key words: lonic liquids, analogues of glycine-betaine, thal properties, ecotoxicityAllvibrio

fischeri, agueous biphasic systems, phase diagram.
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1. Introduction

In order to replace volatile organic solvents, vhmay be harmful to both the process operators and
the environment [1], many researchers have focusethe development of “greener solvents” [2].
Amongst these solvents, aprotic ionic liquids (llasg an interesting class of fluids since, if prope
designed, they display a negligible vapour pressir@embient conditions, non-flammability, high
chemical and thermal stabilities, and unique sawatapabilities. As a result of these featuresyth
have attracted attention as solvents for chemiod @ectrochemical reactions, biphasic catalysis,
chemical syntheses, separation processes, amoegs dBi6]. Nevertheless, some ILs may display
some toxicity and cause biodegradability conceriis 8]. Therefore, the design of more
environmentally benign ILs has been a hot topicr dkie past years [9]. To obtain “greener” ILs, the
starting materials should be non-toxic and renejadotd their synthesis environmentally-friendly][10
The synthesis of ILs from renewable raw materisisiore beneficial and attractive compared to tlee us
of compounds derived from fossil feedstocks. Irereg/ears, several bio-based ILs with biocompatible
character have been synthesized and characterieedjving considerable attention for distinct
applications [11, 12]. Cholinium based-ILs emergedeveral reports as biocompatible alternatives
over the well-known imidazolium-based counterpamsthe dissolution of biomass, @@bsorption
processes or biomaterials development [13-15]. Mecently, amino-acid- and carbohydrate-based ILs
have been proposed to improve the biocompatiblegsties of ILs. The first have been tested in the
pretreatment of lignocellulosic materials and aslgats in organic synthesis [16-19], while theetat
have recently been proposed as novel chiral s@\eot 21].

Previously, we reported the synthesis and chafaatem of ILs wherein the cation is either an
alkyl ester glycine-betaine (GB) [22] or an analegof glycine-betaine (AGB) [23], in which the
ammonium cation comprises three alkyl groups andthyl acetate group. Hydrophobic GB-ILs have
been applied in liquid-liquid extraction of pesties [24], while AGB-ILs were employed in the
extraction of metals from aqueous solutions [25-2)t the other hand, hydrophilic (water-miscible)
AGB-ILs have been used in the extraction of valddeml compounds from biomass [28]. The
cytotoxicity of these ILs aqueous solutions contanthe biomass extracts was assessed in a
macrophage cell line, as well as their anti-inflaatony potential via reduction of lipopolysaccharide
induced cellular oxidative stress, showing thatlthaqueous solutions enriched in the biomass etdra
display higher antioxidant and anti-inflammatorfeefs than the recovered solid extracts, and Hestet
solutions may be used in nutraceutical and cosrappdications [28].

Glycine-betaine, which is a zwitterionic acetate ouyr bearing a quaternary
trilmethyl)ammonium, can be found in sugar beetassts (up to 27 wt%) after the extraction of
saccharose [29]. These organic osmolytes are remmyiby their accumulation in a wide variety of

plants in response against environmental stressy Tiave positive effects on enzyme and membrane
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82 integrity along with adaptive roles in mediatingragic adjustment in plants growing under stress
83 conditions [30, 31]. Furthermore, glycine-betainal a&heir derivatives are currently used as food
84 supplements [32], as well as in cosmetic lotiond fommulations [33]. Given the benefits and “green”
85 credentials associated to glycine-betaine, we lyereport on the synthesis and characterization of 5
86 new bromide-based AGB-ILs, in which the cation iesrian ethyl ester butyrate and three alkyl groups.
87 Two commercial ILs, namely tetrabutylammonium brdenand tetrabutylphosphonium bromide, were
88 also investigated for comparison purposes. The AGBsynthesis and characterization are reported,
89 and their thermal properties, such as melting pajtdass transition temperature and decomposition
90 temperature, were determined. The ecotoxicity efsiinthesized AGB-ILs towardi|vibrio fischeri

91 was assessed using the Micrdt@cute toxicity test [34, 35]. Finally, while enaiging their application

92 in separation processes, their ability to createeags biphasic systems (ABS) in presence of potassi
93 citrate was investigated.

94

95 2. Experimental Section

96 2.1. Materials

97 All used chemicals are described in Table 1, whiomprises the CAS number, molecular
98  weigth, purity and supplier.

99 Tablel

100 Name, CAS number, molecular weigth, purity and $eppf the used chemicals.

Molecular ) _
Reagents CAS number ) Purity (%)  Supplier
weigth
N-methylpyrrolidine 121-44-8 85.15 >97 Sigma Aldrich
. . Fischer
triethylamine 121-44-8 101.19 > 99 o
Scientific
tri(n-propyl)amine 102-69-2 143.27 >98 Sigma Aldrich
. . Fischer
tri(n-butyl)amine 102-82-9 185.35 > 98 .
Scientific
4-bromobutyric acid ethyl ester 2969-81-5 195.05 > 97 Sigma Aldrich
: . . Fischer
tripotassium citrate monohydrate 6100-05-6 324.42 =299 L
Scientific
citric acid monohydrat®l,O 5949-29-1 210.14 100 Sigma Aldrich
tetrabutylammonium bromide 1643-19-2 322.37 >97  uké&l
tetrabutylphosphonium bromide 3115-68-2 339.33 > 98 Sigma Aldrich
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2.2. Synthesis of AGB-ILs

2.2.1. 1-(4-ethoxy-4-oxobutyl)-1-methylpyrrolidin-tium bromide ([MepyrNC 4]Br [H,0)

A solution of 4-bromobutyrate acid ethyl ester @8, 0.22 mol) in ethyl acetate (100 mL) was added
to a solution of N-methylpyrrolidine (29.8 g, 0.8%l) in 110 mL of ethyl acetate. The mixture was
stirred at room temperature for 24 days. The pretgproduced during the reaction was filtered] an
washed twice with ethyl acetate and then with etitiler, and dried under vacuum. Yield (54.5 g,
83%). Elemental analysis: Found: C, 44.40; H, 71804.70%. Calculated for @H,sBrNO3 (MW =
298.22 gmol™): C, 44.30; H, 8.11; N, 4.70%H NMR, &/ppm (300 MHz, DMSQd): 1.20 [3 H, t,
CHs(B)]; 2.01 [2 H, m, CH(2)]; 2.08 (2 H, s, Ck(c)]; 2.41 [2 H, t, CH(3)]; 3.38 [2 H, m, CK(b)];
3.56 (6 H, m, Cka+1)]; 4.09 (2 H, g, Ch{a)]. *C NMR, &/ppm (75.47 MHz, DMSQ): 11.2
[CH3(B)]; 14.8 [CHy(c)]; 19.1 [CH(2)]; 21.7 [CH(3)]; 23.0 [CH(1)]; 31.3 [CH(b)]; 56.9 3 [CH(a)];
60.5 [CHy(a)]; 172.5 [C=0(4)]. ESI-MS, m/z Found (Calculate®00.16 (200.30) [GH2.NO,';
115.07 (115.15) [gH110,']. IR (v/em™): 3390 (o.1); 2955, 2870\c.1); 1720 Pc-0); 1286 Pc.).

2.2.2. N,N,N-tri(n-alkyl)(4-ethoxy-4-oxobutyl)-1-aminium bromide
Tri(ethyl)[4-ethoxy-4-oxobutyllammonium bromide amd(n-propyl)[4-ethoxy-4-oxobutyllJammonium
bromide were synthesized as described for (N-mpyisdlidyl-4-ethoxy-4-oxobutyl)ammonium
bromide using tri(ethyl)amine (35.4 g, 0.35 mol)datri(n-propyl)amine (50.1 g, 0.35 mol),
respectively.

2.2.2.1. N,N,N-tri(ethyl)(4-ethoxy-4-oxobutyl)-1-armium bromide ([Et sNCy4]Br [D.2 H,0)

Yield (52.8 g, 80%). Elemental analysis: Found: 48.00; H, 8.90; N, 4.50%. Calculated for
Ci1oH24 BINO,» (MW = 299.85 gmol?): C, 48.07; H, 8.87; N, 4.67%H NMR, &/ppm (300 MHz,
DMSO-tg): 1.19 [12 H, m, CK(B+b)]; 1.88 [2 H, m, CK(2)]; 2.45 [2 H, t, H(3)]; 3.15 [2 H, t,
CHa(1)]; 3.24 [6H, q, CH@a)]; 4.08 [2 H, q, CKa)]. **C NMR, 8/ppm (75.47 MHz, DMSQy): § 14.1
[CHs(b)]; 19.6 [CH(B)]; 23.5 [CHx(2)]; 58.0 [CHY(a)], 60.7 [CH(1)]; 62.7 [CH(a)]; 172.4 [C=O(4)].
ESI-MS, m/z Found (Calculated): 216.1_ (216.34)5sNO,']; 115.08 (115.15) [€H110,'] IR (vicm

1): 3400 Po.1); 2950, 2865\c 1); 1725 Pc=0); 1280 Pcn).

2.2.2.2. N,N,N-trifr-propyl)(4-ethoxy-4-oxobutyl)-1-aminium bromide ([P 3sNC4]Br 0.7 H0)

Yield (62.5 g, 81%). Elemental analysis: Found: %1,.50; H, 9.60; N, 4.20%. Calculated for
CisH33.BNO2 7 (MW = 350.94 gmol™): C, 51.34; H, 9.59; N, 3.99%H NMR, &/ppm (300 MHz,
DMSO-d6): 0.90 [9 H, t, Ck{c)]; 1.20 [3 H, t, CH(B)]; 1.65 [6 H, m, CH(b)]; 1.81 [2 H, m, CK2)];
2.43 [2 H, t, CH(3)]; 3.20 (8 H, m, C{a+1)]; 4.08 (2 H, g, Ck{a)]. 13C NMR,8/ppm (75.47 MHz,
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136  DMSO0-d6): 11.1 [CH(c)]; 14.4 [CH(B)]; 15.2 [CHx(D)]; 16.8 [CH(2)]; 30.1 [CH(3)]; 59.7
137 [CHy(a+1)]; 60.7 [CH(a)]; 172.4 [C=0(4)]. ESI-MS, m/z Found (Calculated®58.24 (258.42)
138 [C1sH3NO,']; 115,08 (115,15) [6H1:0,] IR (vicm™): 3450 (o.4); 2957, 2866 \cr); 1728 (c=0);

139 1285 @cn).

140

141 2.2.3. N,N,N-tri(n-butyl)(4-ethoxy-4-oxobutyl)-1-aminium bromide ([BusNC,4]Br)

142 To tri(n-butyl)amine (68.9 g, 0.35 mol) in 110 mL of etlagetate, it was added (42.9 g, 0.22 mol) 4-
143  bromobutyrate acid in 100 mL of ethyl ester, unstering. The mixture was refluxed for 48h and then
144  stirred at room temperature for 2h. The solutiopasates into two phases, and the bottom phase
145 corresponding to the brownish oil was recovered, \washed three times with 100 mL of ethyl acetate,
146 and then kept in the freezer for 48 h. The whitedpct, which crystallized after 48 hours, was
147  successively washed with ethyl acetate and diedthgr, and then dried under vacuum. Yield (71.1 g,
148 85%). Elemental analysis: Found: C, 57.04; H, 91903.50%. Calculated for ;gH3sBrNO, (MW =

149  380.41 gmol™): C, 56.83; H, 10.07; N, 3.68%4 NMR (300 MHz, DMSOdg): 0.94 [9 H, t, CH()];

150 1.21[3H,t, CH({B)]; 1.37 [6 H, m, CH(c)]; 1.64 [6 H, m, CKb)]; 1.89 [2 H, m, CK2)]; 2.43 [2 H, t,
151  CHy(3)]; 3.21 [8 H, m, Cka+1)]; 4.09 [2 H, g, Ck{a)]. *C NMR, &/ppm (75.47 MHz, DMSQk):

152 14.1 [CH(d)]; 19.6 [CH(B)], 23.5 [CH(c)]; 33.1 [CH(2)]; 56.8 [ChHy(b)]; 58.0 [CH(3)]; 60.7
153 [CHj(1+a)]; 62.7 [CH(a)]; 172.2 [C=0(4)]. ESI-MS, m/z Found (Calculatec§00.27 (300.50)
154  [C1gH3gNO,']; 115.08 (115.15) [€H110:7] IR (v/iem™): 2960, 2872\(c.); 1728 {c-0); 1283 Pcn).

155

156  2.2.4. Tri(n-butyl)(4-ethoxy-4-oxobutyl)-1-phosphonium bromide([BusPC,]Br)

157  Tri(n-butyl)[4-ethoxy-4-oxobutyl]phosphonium bromide wagthesized as described for N,N,N#ri(
158  butyl)(4-ethoxy-4-oxobutyl)-1-aminium bromide usirig(n-butyl)phosphine (65.2 g, 0.35 mol) as
159 amine. Yield (73.4 g, 84%). Elemental analysis: m&buC, 54.36; H, 9.85%. Calculated for
160  CigHsgBrPO, (MW = 397.37 gmol™): C, 54.42; H, 9.58%H NMR (300 MHz, DMSOe): 0.90 [9H, t,
161  CHs(d)]; 1.24 [3H, t, CH(B)]; 1.40 [12H, m, CH(b+c)]; 1.76 (2H,m, CK2)]; 2.25 [8H, m, CH(a+1)];

162 2.50 [2H, m, CH(3)]; 4.10 (2H, g, Cka)]. **C NMR, 8/ppm (75,47 MHz, DMSQ): 13.3 [CH(d)];

163  14.1 [CH(B)]; 23.4 [CH(c)]; 23.7 [CH(b)];, 33.6, [CH(2)]; 58.0 [CH(3)]; 60.6 [CH(1+a)]; 62.7
164 [CHy(0)]; 169.1 (C=0(4)]. ESI-MS, m/z Found (Calculate8}t7.25 (317.47) [GH3sPO:']; 259.24
165  (259.97) [G1H20POy']. IR (viem™): 2960, 2928, 2874)¢.1); 1727 Pc=0); 1233 Yc.n).

166

167 The full name, abbreviation and chemical structoféhe synthesized AGB-ILs are summarized in
168 Table 2.

169
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Table 2.

Name, abbreviation, chemical structure and molecutaght of the synthesized AGB-ILs, and of two

commercial ILs investigated for comparison purposes

Chemical Structure and

Molecular Weight

Name Abbreviation Atoms Identification (g.mol?)
a
3
1-(4-ethoxy-4-oxobutyl)-1- b 1 4 0 -
methylpyrrolidin-1-ium [MepyrNC4]Br m aB 280.22
bromide b™ ¢ ©
Br
N,Nt,)N-trIiethyI(4-ethoxy-4- /a\ ( 1 3, o
oxobutyl)-1-aminium
b)r(om?d>e/) " [EtsNC4]Br b J 2 o P 296.25
0
Br
N,N,N-tri(n-propyl)(4- H
ethoxy-4-oxobutyl)-1- N 4.0
aminium bromide [PraNCJ]Br b Ne o« b 338.33
H Br
N,N,N-tri(n-butyl)(4-ethoxy- \ 1 3
4-oxobutyl)-1-aminium AA 4 0
bromide [BusNC,]Br T Nf\2/\[(])/ =B 380.41
i Br
Tri(n-butyl)(4-ethoxy-4- c } 1 3450
oxobutyl)-1-phosphonium  [BusPCy]Br NN B 397.37
bromide d b 2 o @
Br
Tetraf-butyl i L
retrali butyDammonium i .qer T T 324.41
H\ Br
Tetrap-butyl)phosphonium [PassdBr NN 34137

bromide
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208
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2.3. Characterization of AGB-ILs

All IL samples were dried under vacuum (10 Pa)oatm temperature for a minimum of 48h before
carrying out their characterization. The water eohtof the dried ILs was determined by Karl Fischer
coulometry using a Metrohm 787 KF Titrino coulometath Hydranal 34805 and Hydranal 37817
(from Fluka) as titrant; their water concentratioas less than 6 x IDin weight fraction. During the
preparation of the ILs aqueous solutions for thet@dcity assays and ternary phase diagrams
determination, the water content of each IL wagialkto account. Elemental analyses (C, H, Nand S
contents) of all synthesized ILs were carried dPeskin-Elmer 2400 C, H, N and S element analyzer.
Infra-Red (IR) spectra were recorded at room teatpee with a PerkinElImer UATR Two
spectrometer'H and**C Nuclear magnetic resonance (NMR) were recordedaih temperature with

a Bruker AC 30 spectrometer (250 MHz fid, 62.5 MHz for **C) using DMSOds as solvent.
Chemical shifts (in ppm) folH and*3*C NMR spectra are referenced to residual protivesdl peaks.
Electrospray ionization mass spectrometry (ESI-MISAGB-ILs diluted in methanol were obtained on
a hybrid tandem quadrupole/time-of-flight (Q-TOR}$trument, equipped with a pneumatically assisted
electrospray (Z-spray) ion source (Micromass, Mastdr, UK) operated in positive mode; the
capillary voltage was 3500 V; and the extractionewoltage varied between 30-60V with the flow of
injection of 5 mL/min. The decomposition temperaturof the ILs were determined by
thermogravimetrical analyses (TGA) using a Netz8Gh 209 F3 Tarsus thermogravimetric analyzer,
under nitrogen atmosphere, with samples of 10-20Thgse were heated from 30 °C to 500 °C, with a
heating rate of 10 °@in*. Differential Scanning Calorimetry (DSC) experirtewere performed with

a TA Instruments Q100, under nitrogen atmospheitd, awcooling and heating rate of 10-AGn ™.

2.4. Microtox® acute toxicity tests

To address the ecotoxicity of the synthetized AGS:-the standard MicrotSxliquid-phase assay [36]
was used, in which it is evaluated the luminescenkbition of the bacteri@llvibrio fischeri (strain
NRRL B-11177) [37]. In this work, the standard &b.%est protocol was followed [38]. The
microorganism was exposed to a range of dilutecaiggl solutions of each IL (from O to 81.9 wt%),
where 100% of AGB-IL corresponds to a known coneitn of a stock solution previously prepared
[39]. After 5, 15 and 30 min of exposure of thetkeaam to each IL aqueous solutions, the light attp
of the bacterium was assessed and compared withgtiteoutput of the blank control (an aqueous
solution without AGB-ILs), enabling the calculatiohthe EGp values at 5, 15 and 30 min through the

Microtox® Omni™ Software [39].

2.5. ABS phase diagrams
Aqueous solutions of each IL ([MepyrNBr, [EtsNCy4]Br, [PrsNCy4]Br, [BusNC4]Br, [BusPC]Br) at

8




211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

234
235

236
237
238
239
240
241

circa 70-90 wt% and aqueous solutions of the mixtus€KsO,/CsHsO; (as a buffer solution at pH =
7.0, mole ratio ofc 15:1) at~ 50 wt% were prepared and used for the determinatfaime binodal
curves. The phase diagrams were determined thrihwegbloud point titration method [40, 41] at (25 +
1) °C and atmospheric pressure. The system conmusivere determined by the weight quantification
of all components added within 10* g. Further details on the experimental procedure bm found
elsewhere [41, 42]. Tie-lines (TLs) and tie-linandéhs (TLLs) were determined by a gravimetric

method originally described by Merchuk et al. [43].

3. Results and discussion
3.1. AGB-ILs synthesis and characterization
Analogues of glycine-betaine ionic liquids (AGB-)Lsvere obtained by the reaction of the
corresponding tertiary amine and 2-bromoacetic atiyl ester (Figure 1). GB-ILs were obtained at
yields higher than 80 %, and isolated and recovasedhite solids at room temperatutid. and *C
NMR spectra revealed the absence of organic impsii the purified ILs. The electrospray ionizatio
mass spectra of the synthesized ILs are given gurEs S1 to S5 in the Supporting Information,
showing the presence of the organic cations [MepfN@n/z = 200.16), [ENC,'] (m/z = 216.18),
[PraNC;'] (m/z = 258.24), [BeNC4'] (m/z = 300.27) and [B#PC,'] (m/z = 317.25).The IR spectra of
all ILs show only weak absorption bands in the 38000 cni region, indicating that the interaction
between the cation and anion of the Wa hydrogen bonds is rather limited, a result of blaéky and
organic tetraalkylammonium and phosphonium catiofiserefore, it is mainly the cation-anion
coulombic attraction that ensures the cohesionhefd salts. In addition, IR spectra for AGB-ILs
indicate the presence of water, according to thedbia the 3400 cfh region corresponding to OH
stretching.
o
RR—‘ L+ B GO —>RR/Z\/\/002Et
R AcOEt [RsNC,]Br

R = Csz ) n-C3H7 or n-C4Hg _ _
= Z=P R=n-C4H
Z= { RRN(CH3) = N-methylpyrrolidine fi-barls

Fig. 1. Synthetic route of AGB-ILs.

The data corresponding to the AGB-ILs melting pafiit,), glass transition temperatureg)Tand
decomposition temperature J) corresponding to 10% of weight loss are givemable 3. Melting
points were identified for all ILs, but no glasartsition temperature (Tg) has been observed for
[PrsNC4]Br and [BuPCG)Br. The DSC results of all the synthesized saRsNIC4Br (RsN = N-
methypyrrolydinyl or R = ethyl,n-propyl, n-butyl) are given in Figure S6 in the Supporting
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244
245
246
247
248
249
250
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253
254
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262

263
264
265

266
267
268
269
270
271
272
273
274
275
276
277

Information. All the synthesized ILs have meltingimis below 100 °C, i.e. from 73 to 90 °C , whieh i
attributed to the bulky and asymetric cation witghhcharge dispersion, and thus to the poor cation-
anion interactions. Furthermore, the melting postightly increase with the alkyl chain at the oatiin
agreement with the literature [44]. On the otherdhdBwP Gy Br (T, = 88 °C) shows a lower melting
point than the corresponding ammonium saltsMB,][Br (T = 90 °C). The same behaviour, observed
with other ammonium- and phosphonium-based ILutholg the commercial ones (JN4[Br] with T,
=104 °C and [Ru44[Br] with T, = 101 °C ), was attributed to the larger radiushef phosphorus atom
leading to a higher dispersion of charge [45]. isltknown that the glass transition temperature is
approximately two-thirds of the melting point val[#6]. The range of experimental/T ratio was
found to be between 0.58 and 0.78 for differentenoles and polymers [47The Ty/T, of the prepared
ILs (given in Table 3) ranges between 0.64 and,(iitihg within the range of values reported ireth
literature [47].

Table 3
Melting (Tw), glass transition @ and decomposition ¢f) temperatures for the synthesized AGB-ILs.

AGB-ILs Tm(CCF  T4(°C)  TgTm Taee(°C)
[MepyrNC,]Br 73 -31 0.70 179
[EtsNC,]Br 78 21 0.72 187
[PrsNC,]Br 79 - - 184
[BusNC4]Br 90 -40 0.64 198
[BusPC/]Br 88 - - 310

(a) The uncertainty in the measured temperature(¥va2 °C).

The thermal stability of the synthesized AGB-ILssnetermined by TGA over the temperature
range between 30 and 400 °C, being the respectte glven in Table 3. The thermal degradation
profile of the investigated ILs is shown in Figtewhere the decomposition temperaturg.§Tof all
these salts falls in the range between 180 and®G1(Eigure 2). The ILs thermal stabilities increase
the order: [MepyrNGBr < [PrsNC4Br < [EtsNC4Br < [BusNC4Br << [BusPCyBr. With the
exception of [PINC4]Br IL (T gec = 184 °C), a slight increase in the thermal siigbi$ observed when
increasing the cation alkyl chain length. addidtithe cyclic ammonium [MepyrNABr is the IL with
the lowest Tec confirming that the thermal stability of these Ib®stly depends on the number of
carbon atoms at the cation. For the ILs comprisangmonium cations, the maximum degradation
temperature is obtained with thebutyl groups. Furthermore, the tributyl)phosphonium-based IL is
more thermally stable than the respective ammontoomterpart ([BeNC4]Br with Tgec = 198 °C

versus [BusPGIBr with Tgec = 310 °C). These results are in agreement withsehof other
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ammonium/phosphonium-based ILs, where phosphoniased ILs present higher values qEcI[48,
49]. Tsunashimeet al. [50] attributed this increase to the presence mpty d-orbitals on the

phosphorus atom.

100 1

80 [Bu,NC,]Br

\
Pr,NC,]Br A
& [Pr:NG,] ,\/
, \"\\ [Bu,PC,]Br
\
[Et,NC,]Br \ /

TG/ %

201 [MepyrNC,]Br

\

100 © 200 " 300
Temperature / °C

Fig. 2. TGA profiles for bromide based AGB-ILs.

The five AGB-ILs were tested in terms of their etfagainst the marine luminescent bactéfiaibrio
fischeri. The EGp values determined after 5, 15 and 30 min of exmgysand the respective 95%
confidence limits, are reported in Table 4. Thesgdata at 30 min were adopted to ensure enough
exposition time to verify the full effect in therhinescence inhibition [51]. The Bg£values at the same
times of exposure for the commercial tetrabutylamimmm and tetrabutylphosphonium bromide ILs
([N 4444Br, [P1444Br) [52] are also displayed in Table 4 for comparn purposes. The higher the 5C
values the less toxic is the IL towards this lumsoent marine bacteria. Regardless of the exposure
time, the results obtained show that the toxicitAGB-ILs toward the bacteria increase according to
the following sequence: [MepyrN{Br < [EtsNCy4]Br < [PrsNC4]Br < [BusNC4]Br << [BusPCy]Br.
Because all AGB-ILs share the bromide anion, tHiemrinces in their toxicity are a result of the IL
cation. For the ammonium-based ILs, the toxicitgréases with the alkyl chain length increase, being
this a well-known trend recurrently named as thde€'shain effect” [53, 54]. The increase of themat
alkyl chain length leads to an increase of its bptiobicity/lipophilicity, resulting in a higher dity to
interact with and/or permeate phospholipid bilay@raking into account the cation central atom, the
ECsp values decrease from [BNIC,]Br to [BusPG]Br, meaning that the ammonium-based IL is less
toxic than its phosphonium-based counterpart, b&inggreement with previous findings [55]. The
same behavior is shown for the commercial ILs,{}Br vs. [Pu44Br). In general, all AGB-ILs

synthesized and proposed in this work display aelowoxicity to Allvibrio fischeri than those
11
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commonly used, namely [bhBr and [PusqBr. All the studied AGB-ILs can be considered as
harmless or practically harmless (at 30 min of expe: 191 mg.I* < EGso < 3052 mg.[}) according to

Passino and Smith classification [56].

Table 4

Microtox® EGs values (mg.LY) for Allvibrio fischeri after 5, 15 and 30 min of exposure to aqueous
solutions of AGB-ILs and of two commercial ILs [382] with the respective 95% confidence limits (in
brackets).

ECso(mg.L7)
AGB-ILs (lower limit; upper limit)
5 min 15 min 30 min
3058.56 3052.29 3052.32
[MePYINGIBr  1596.73: 4478.39) (2277.68: 4526.90) (1882.86: 4281.78)
[ELNCBr 2664.15 2491.05 2415.00
34 (1917.81; 3410.5) (1627.56; 3354.54) (1621.30; 3208.70)
[(PrNCBr 2157.05 2026.41 2018.72
T4 (1678.50; 2635.61) (1411.48; 2641.35) (1267.08; 3630.37)
(BUNC.JBr 435.43 380.92 327.22
$A (295.60; 575.27) (260.06; 501.78)  (317.22; 336.78)
(BuPCBr 351.76 243.95 191.30
(248.71; 454.83)  (239.41; 370.06)  (141.25; 200.45)
(NaaadBr 233.30 160.22
444 (223.36; 243.15)  (143.55; 176.87)
216.00 172.80

[PaaadBr (21.60; 1382.40)  (0.00; 3218.40)

3.2. ABS phase diagrams

The novel AGB-ILs proposed in this work have lowliing points, below 100 °C, display high
degradation temperatures (180-310 °C), and lowciiyxas shown by being harmless or practically
harmless towards the marine bacteflvibrio fischeri. Therefore, their use in a wide range of
applications can be envisioned. Aiming at explotingir use in liquid-liquid separation processes, w
addressed here their potential to form ABS witlissdllovel ternary phase diagrams were determined
for all the AGB-ILs + water + potassium citratefmtacid mixtures (KCsHsO;/CsHsO; mixtures, pH =
7.0) at 25°C and atmospheric pressure. In the céspephase diagrams, illustrated in Figure 3, the
biphasic region is localized above the solubilityve described by the experimental solubility data
points. Diagrams with a larger area above the l@hodrve have therefore a higher ability to fornotw
phases, i.e. the IL is more easily salted-out leyditrate-based salt [57]. For comparison purpases,
ternary phase diagrams for the commercial,JjjBr and [Ri444Br under the same conditions, which
were previously reported [51, 52], are also prodidehe corresponding experimental weight fraction

data are given in the Tables S1-S5 in the Suppmpttiformation. All the calculations considering the
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weight fraction of the phase-forming componentsemgerformed discounting the complexed water in

the commercial citrate-based salt and citric acid.

40 50
[K3CcHs0,/CcHz0,] / (wt%)

Fig. 3. Ternary phase diagrams, in an orthogonal reprasenf for the systems composed of IL +
water + KCgHs0,/CsHgO; buffered at pH = 7.0 and at 25°C: [MepyriJBr (A); [EtLINC4Br (®);
[PriNGC4]Br (%); [BULINCLBr (€); [BusPGyBr (@), [NasadBr (A) [S7]; [PaaadBr (M) [58].

The phase diagrams shown in Figure 3 allow theuatian of the effect of the ammonium alkyl
chain length, the effect of the IL central atom &l P), and the presence of cyclic cation structures
against linear alkyl side chains. All studied commpds comprise the bromide anion, being the
difference in liquid-liquid demixing a result ofdHL cation nature. The capacity of AGB-ILs to form
ABS (or to be salted-out by the organic citratedabsalt) follows the order: [BEG]Br > [BusNC,]Br
> [Pr3NCy]Br > [EtsNC4]Br = [MepyrNGCy]Br. It is shown that the increase of the catiokybthain
length facilitates the creation of ABS, meaningt tlhager alkyl side chain ILs are more easily shlte
out by the organic salt, in agreement with literatdata and demonstrating that this behavior is
independent of the salt used [59-61]. On the dtlaed, [MepyrNG]Br is the IL with the lowest ability
to create ABS, as result of its higher hydroph§i@afforded by a lower number of methylene groups.
The phase diagrams for the systems composed aN[BiBr and [BuPCy]Br are also presented in
Figure 3, allowing to appraise the effect of thecHtion central atom. Although with a similar cheati
structure, [BYPCGBr presents a slightly better separation perforcean presence of agueous solutions
of K3CeHs0O,/CeHsO7, in agreement with what has been previously detnatesl with other salts [62-

64] and in agreement with the trend observed viighcommercial ILs [R44Br and [Ni444Br. Both the
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IL pairs [BusPGBr/[BusNCyBr and [PaqBr/[Ns44Br comprise the bromide anion, and the
differences in the respective phase diagrams aesw@t of the charge distribution at the IL cation
central heteroatom which dictates the IL affinioy fvater [45]. In summary, amongst the AGB-ILs
investigated, [MepyrNglBr displays the lowest capacity to create ABS esglires a higher amount of
citrate-based salt to undergo phase separatiormea$i¢BuPCy]Br is the most effective AGB-IL and
requires the lowest amount 0§®Hs0,/CsHgO; to form ABS. The fitting of the experimental biradd
curves, and the determination of tie-line data eespective length were additionally performed, gein
provided in the Supporting Information (Tables $@ &7). Even though there are 4 ions in solution,
ion exchange is not expected to occur since thiegtitty of different ion pairs to form is signihatly
low, as previously confirmed with ABS formed by ioniquids and strong salting-out salts [65-66],
being this the case of the current work.

In summary, it is here shown that AGB-ILs form ABfth K3CsHs0,/CsHgO; at controlled pH
(7.0). In addition, their high thermal stabilitychlow ecotoxicity againsAllvibrio fischeri support their
further investigation in other ABS to be appliedsaparation processes of labile biomolecules.

4. Conclusions

In this work, we reported the synthesis and chargettion of five new water-soluble analogues of
glycine-betaine-based ionic liquids (AGB-ILs) coméd with the bromide anion. Their thermal
properties, namely melting temperature, glass itianstemperature and decomposition temperature
were determined and discussed in terms of the Bmatal structure. All synthesized AGB-ILs fit
within the ILs category, with a melting temperatdselow 100 °C, and present high degration
temperatures (180-310 °C). Their toxicity agairs marine luminescent bacterddlvibrio fischeri
showed that the studied AGB-ILs are harmless octjpally harmless and display a lower toxicity of
this marine bacteria than commonly used ILs, suchiMNa44Br and [Ru44qBr. Given the AGB-ILs
properties, we studied their potential to createSABat could be applied in separation processes. Th
ABS phase diagrams were determined for systems as@apof AGB-IL + water + KCsHs50;/CsHsO;

at pH 7.0 and at 25 °C. The obtained results aonfireir high ability to be salted-out by the organi
salt and to form ABS, where more hydrophobic ILsreneasily form two-phase systems or require a
lower amount of salt to undergo phase separati@gueous media. This ability to be salted-out gy th
organic salt follows the order [BRG]Br > [BusNC4]Br > [PrsNC,4]Br > [EtsNC4]Br = [MepyrNGC,]Br.

All the properties shown for the newly reported AGB are beneficial to develop sustainable and

biocompatible separation processes.
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Figures captions

Fig. 1. Synthetic route of AGB-ILs.

Fig. 2. TGA profile for bromide based AGB-ILs.

Fig. 3. Ternary phase diagrams, in an orthogonal reprasent for the systems composed of IL +
water + KCgHs0,/CsHgO; buffered at pH = 7.0 and at 25°C: [MepyriJBr (A); [EtLINC4]Br (®);
[PriINCy]Br (9); [BUTINCII]Br (); [BusPCy]Br (@), [NasagdBr (A) [S7]; [PassadBr (W) [S8].
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Tables captions

Table 1

Name, CAS-number, molecular weigth, purity and $iepp of applied chemicals.

Table 2
Name, abbreviation, chemical structure and molecutaght of the synthesized AGB-ILs, and of two

commercial ILs investigated for comparison purposes

Table 3

Melting (Tw), glass transition () and decomposition ¢f) temperatures for the synthesized AGB-ILs.

Table 4

Microtox® EGs values (mg.LY) for Allvibrio fischeri after 5, 15 and 30 min of exposure to aqueous
solutions of AGB-ILs and of two commercial ILs [582] with the respective 95% confidence limits (in
brackets).
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