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Abstract

A systematic investigation of influence of the length of the side alkyl chain and the counter ions
on the thermodynamic of the micellization process at imidazolium based surface active ionic
liquids (SAILSs) in agueous solution was carried out by isothermal titration calorimetry (ITC) in a

broad temperature range.

The effect of alkyl chain length on the micellization process in water has been investigated on 1-
decyl-3-methylimidazolium ([C1omim]Cl) 1-dodecyl-3-methylimidazolium ([C1,mim]Cl), 1-
tetradecyl-3-methylimidazolium ([C1smim]CI) and 1-hexadecyl-3-methylimidazolium
([C16mim]CI) chlorides, whereas the influence of counterion was studied at the micellization of
1-dodecyl-3-methylimidazolium chloride ([C1,mim]CI), bromide ([C;,mim]Br), iodide
([C12mim]l), acetate ([C12mim]OAc), methanesulfonate ([C1,mim]OMs), toluensulfonate
(([C12mim]OTs), trifluromethane sulfonate ([C1,mim]OTY), trifluoro acetate (([C.omim]TFA)

and salicylate ([C;,mim]Sal) in water.

From ITC experimental data, the corresponding standard thermodynamic parameters of
micellization (enthalpy, AMHO; Gibbs free energy, AMGO ; entropy, AMSO; heat capacity
change, AMcg) were estimated by help of the mass-action model. It was found that SAILs behave

mainly like common cationic surfactant, where cmc values are decreasing with the length of the
side alkyl chain and exhibit U-shape dependence on temperature. Remarkable influence of
counter ions on cmc and all thermodynamic functions was observed, however the entropy-

enthalpy compensation turned out as the fact, arising from the from the relationship AG = AH —

0 : : :
TAS. AMCp values were further discussed in terms of the removal of solvent accessible surface

areas of SAILs and counterion from the contact with water after micellization.

Key words: surface active imidazolium based ionic liquids, micellization, isothermal titration

calorimetry, thermodynamic study, solvent accessible surface area



Introduction

lonic liquids have recently attracted much attention as new class of surfactants. It has in fact been
demonstrated that ionic liquids containing long alkyl chains behave similar to conventional
surfactants forming aggregates in water [1]. Several structures have been investigated changing
alkyl chain length, charged head group structure, functional groups, both cationic and anionic
surface active ionic liquids have been described [2,3,4,5,6, 7,8]. An attractive factor for
continuous research in this field is that these ionic liquids have generally been found to have a
superior surface activity in comparison to corresponding alkyltrimethylammonium based
surfactants, or corresponding anionic surfactants with inorganic cations [9]. Moreover the high
tunability of ionic liquids opens up a broad range of applications for surface active ionic liquids

(SAILSs), such as in micellar catalysis or in separation processes [10,11,12].

There are already some studies dealing with thermodynamic properties of imidazolium-based

SAILs in the literature [13,14,15] investigating quite narrow selections of anions (CI°, Br’).
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Scheme 1. Structures of investigated systems: a) n =9 ([C;omim]), n =11 ([C;omim]), n=13
([C14mim]) and n= 15 (JC1emim]) cations in ([Cxmim]Cl) and b) OAc, ¢) TFA, d) Sal, e¢) OMs,
f) OTf, and g) OTs anions in [C1omim]X systems.

Thus we decided to carry out a systematic thermodynamic investigation of influence of the length
of the side alkyl chain and the counter ions on the micellization process of imidazolium based
SAILs in aqueous solution by isothermal titration calorimetry (ITC) as one of the most valuable

techniques for thermodynamic analysis.



ITC experiments were performed within the temperature range of 278.15 to 318.15 K in 10 K
steps on 1-decyl-3-methylimidazolium (JC1omim]Cl) 1-dodecyl-3-methylimidazolium
([C12mim]Cl), 1-tetradecyl-3-methylimidazolium ([C,4mim]Cl) and 1-hexadecyl-3-
methylimidazolium ([C1smim]Cl) chlorides. To obtain more information about the influence of
counterion on the micellization, measurements were carried out also for 1-dodecyl-3-
methylimidazolium bromide ([C1,mim]Br), iodide([C1omim]I), acetate ([C1omim]OAC),
methanesulfonate ([C;,mim]OMs), toluensulfonate (tosylate, ([C1,mim]OTs), trifluromethane
sulfonate ([C1omim]OTf), trifluoro acetate (([C1omim]TFA) and salicylate ([Ci1omim]Sal). The

structures of investigated SAILs and anions are presented on Scheme 1. The corresponding

standard thermodynamic parameters of micellization (enthalpy, AH 0. Gibbs free energy,

AMG0 ; entropy, AMSO; heat capacity change, AMCg) were estimated by fitting of the model

equation based on the mass-action model to the experimental data. EEC effect was discussed in

terms of the side alkyl chain length and the effect of counter ions on EEC was presented. In
addition, AMcg was further correlated to the changes in solvent accessible surface upon micelle

formation.



Experimental Section

Materials

Commercially available reagents and solvents were used as received from Sigma Aldrich unless
otherwise specified. Deionized water was obtained from a Millipore Milli-Q water purification
system (Millipore, USA). *H and **C NMR spectra were recorded on a Bruker AC 200 at 200
MHz, using the solvent peak as reference. All ionic liquids were dried for at least 48 h at room

temperature and 0.01 mbar before use and were stored under argon atmosphere.

Synthetic procedures

Synthesis of [C;,mim]X, X=CI', Br’, I

The halide-based imidazolium salts were synthesized according to standard methodologies,
which include the alkylation of N-methylimidazole with the appropriate alkyl halide to afford the
corresponding imidazolium halide. The ILs were repeatedly crystallized in order to obtain

colorless solids. Detailed results are reported in our previous work [12].

Synthesis of [C;,mim]X, X=0OMs’, OTs’, OTf, TFA

Surface-active ionic liquids [C1omim]OMs, [C1omim]OTs, [C1omim]OTf and [C1omim]TFA were
prepared in a two steps synthesis route, including the initial synthesis of N-dodecylimidazole by
alkylation of imidazole. Afterwards the final ionic liquids were obtained via direct alkylation of
N-dodecylimidazole with the methyl esters of the corresponding anions. Detailed results are

reported in our previous work [12].

Synthesis of [C1,mim]TFA

N-dodecylimidazole (1.31 g, 5.5 mmol) was dissolved in 5 mL anhydrous acetonitrile and freshly

distilled methyl trifluoroaceticacid (4.8 g, 3.8 ml, 38 mmol) was added drop wise while cooling
in an ice bath. The reaction mixture was then stirred for 7 days at 70°C until NMR showed
complete conversion. The volatiles materials were removed under reduced pressure, and the
product was repeatedly washed with n-hexane. 1-Dodecyl-3-methylimidazolium trifluoroacetate
was obtained via filtration as pale solid in 98% yield. mp: 37.3°C. C1gH3:F3N20, (464.45): calcd.
C 59.32, H 8.57, N 7.69%; found C 59.13, H 8.69, N 7.59. vna (cm™): 2918 (C-H), 1679 (COy),
1578 (C=C), 1159 (C-N), 1115 (C-F). *NMR (200 MHz, CDCls): §(ppm) = 0.81 (3H, t, J = 6.06



Hz, -C11H25-CHs), 1.19 (18H,m, -C,H,- CoHig-CHs), 1.80 (2H, br, -CH,-CHa-CioHa1), 3.94 (3H,
s, N-CHg), 4.15 (2H, t, J = 7.34 Hz, -CH,-C11Hzs), 7.33 (1H, s, -N-CH-CH-), 7.41 (1H, s, -N-CH-
CHB), 9.90 (1H, s, -N-CH-N-). *C NMR (200 Hz, CDCls): 6 (ppm) = 160.93 (q, J = 34.16 Hz),
137.79, 125.64, 123.55, 116.86 (q, J = 294.37 Hz), 49.96, 36.11, 31.80, 30.10, 29.48 (2C), 29.38,
29.23 (2C), 28.83, 26.07, 22.58, 14.01.

Synthesis of [C;omim]Sal and [C1,mim]OAc

. ¥ which

Both ionic liquids were prepared adapting a to the procedure from Ferguson et. a
includes the neutralization of the corresponding hydroxide ionic liquid with the desired acid as

counter ion.

General procedure: [C1,mim]CI (1 equivalent) was slowly mixed with 1 equivalent of
concentrated sulfuric acid in a round bottom flask. The round-bottomed flask was fitted with a
stopcock, the other end of which was connected to an open tube packed with NaOH pellets. The
flask was heated up to 90 °C and stirred for 2h, after which the open end of the NaOH packed
tube was connected to a small diaphragm pump. The mixture was left overnight under vacuum at
90 °C. The obtained [C1,mim][HSO,] was dissolved in hot deionized water (95-100 °C, 25 mL)
and slowly added to a solution of barium hydroxide octahydrate dissolved in hot deionized water
(95-100 °C, 55 mL). The cloudy reaction mixture was stirred, and allowed to cool to room
temperature, then refrigerated. The white solid precipitate was removed via vacuum filtration (P4
glass sintered funnel with a 0.5 cm celite layer), washed with water (ca. 20 °C, 50 mL), and
discarded. The highly basic hydroxide solution generated from the procedure was then diluted to
250 mL in a volumetric flask. From this 3 mL were taken, diluted with ca. 50 mL of water and
titrated with HCI 0.05 M followed by pH meter. From the equivalence point the required amount
of the desired acid was calculated and added to the volumetric flask. Water was removed via
lyophilisation, and the obtained product was dried at high vacuum (0.01 mbar) overnight. The
crude product was re-dissolved in anhydrous DCM (100 mL), filtered, and the solvent was
removed via evaporation. Remaining traces of volatiles were removed under high vacuum (0.01

mbar) overnight.



Following the general procedure [C;,mim]OAc was obtained as off-white solid in 83 % vyield.
C18H34N20, (310.48): calculated C 69.63, H 11.04, N 9.02 %; calculated (including 0.5 x H,0)
C 67.67, H 11.04, N 8.77%:; found C 67.52, H 11.56, N 9.03. vinax (cm™): 2922 (C-H),

1666 (CO,) 1578 (C=C), 1176 (C-N). *NMR (CDCls): & (ppm) = 0.81 (3H, br, -C11H,,-CHs),
1.18 (18H, m, -C,H,- CgH15-CHs), 1.80 (2H, br, -CH,-CH,-CyoH>1), 1.91 (2H, s, CH3COO0), 3.99
(3H, s, N-CHg), 4.21 (2H, t, J = 4.21 Hz, -CH»-C11Hy3), 7.14 (1H, s, -N-CH-CH-), 7.23 (1H, s, -
N-CH-CH), 10.91 (1H, s, -N-CH-N-). **C NMR (200 Hz, CDCls): & (ppm) = 177.54, 139.36,
123.12, 121.32, 49.79, 36.20, 31.79, 30.22, 29.49 (3C), 29.41, 29.28, 29.22, 28.93, 26.17, 24.96,
22.57,14.02,

Following the general procedure [C1,mim]Sal was obtained as a yellow pale very viscous liquid
in 63 % yield. Cy3H3sN,03 (388.55): calculated C 71.10, H 9.34, N 7.21 %); calculated (including
0.1 x H,0) C70.77, H9.35, N 7.18 %); found C 70.70, H 10.28, N 7.23 %, CI 150 ppm. vmax (Cm"
1): 3394 (O-H), 2923 (C-H), 1575 (COO"), 1455 (C=C), 1385(Ar-C-C), 1169 (C-N). *NMR (200
MHz, CDCls): 6 (ppm) = 0.81 (3H, t, J = 6.26 Hz, -C11H,,-CH3), 1.16 (18H,m, -C,H4- CoHyg-
CHs), 1.75 (2H, br, -CH,-CH,-C1oHa1), 3.94 (3H, s, N-CH3), 4.12 (2H, t, J = 7.38 Hz, -CH,-
CuiHy3), 6.63-6.78 (2H, m, Ar), 7.03-7.20 (3H, m, Ar), 7.86 (1H, d, J = 6.30, -N-CH-CH-), 10.52
(1H, s, -N-CH-N) . 35 (ppm) = 174.08, 162.15, 138.17, 132.24, 130.46, 123.14, 121.52, 119.83,
117.33, 116.23, 49.99, 36.30, 31.89, 30.15, 29.58 (2C), 29.47, 29.33 (2C), 28.93, 26.20, 22.67,
14.11

Conductivity measurements

The samples were previously equilibrated at (25.0 + 0.1) °C in a HAAKE K15 thermostat, then
conductivity measurement were performed using a Mettler Toledo Seven Excellence system,
equipped with a InNLAB® 741-1SM electrode (cell constant k = 0.105 cm™, determined with a
standard KCI solution). The sample was stirred before measurement to ensure homogeneous
mixing. The plot of electrical conductivity versus surfactant concentration, typically consists of a
two distinct linear regions. Critical micelle concentration (cmc) values were calculated as the
intersection point of these two linear regimes in the conductivity/concentration graph and the

degree of micelle ionization, S (=z/n, where z is the effective charge of the micelles and n is the



number of surfactant monomer in the micellar aggregate) was estimated from the ratio of slopes
[17].

Surface tension measurements
Surface tension was determined with the Du Noiiy ring method on a Kriiss manual tensiometer
K6 at room temperature. Each measurement was repeated five times, considering the arithmetic

mean of the results with a relative standard deviation less than 0.5 % .

Viscosity determination
The viscosity of solutions was determined by using a micro Ostwald viscometer (SI Analytics
GmbH, Mainz, Germany, type and capillary no. 516 10/1 ) and an automatic flow time measuring

system ViscoSystem® AVS 370. The procedure is described in detail in literature [18].

Isothermal titration calorimetry (ITC)

The heat changes upon micellization were measured using a VP-ITC microcalorimeter from
MicroCal, LLC (Northampton, MA, USA). Periodical calibration of the instrument has been
proposed electrically by administering a known quantity of power through a resistive heater
element located on the cell [19]. The precision of instrument has been also validated through
binding of the cytidine 2’-monophosphate to the ribonuclease A active site. The standard
chemical reaction is described elsewhere [20]. Degassed water in the titration cell was titrated
with the degassed surfactant solution in the corresponding solvent from a 0.300 mL syringe at
temperatures between 278.15 and 318.15 K. Successive aliquots of surfactant solution were
added into the calorimeter cell (V = 1.386 mL) under constant stirring through a motor driven
syringe. The experimental data was analysed using the Origin 7.0 software provided by

MicroCal. A detailed description of the procedure is given in our previous work [21].



Thermodynamic analysis

The experimental ITC data were fitted with a model function, derived on the basis of the mass-
action model for micellization of cationic surfactant. To make the applied procedure clearer, the
thermodynamic analysis here is divided into three sections, whereas a detailed explanation of is

given in the Supplementary material together with the algorithm of the fitting.

a) Model description. According to the mass-action model [22,23,24,25] the micellization

process of a cationic surfactant at constant temperature, T, and pressure, p, may be described as

nS +(n-z)C =M’ (1)

where S” represents the monomeric state of surfactant, C_ the corresponding counter ions and M’
the micellar aggregate of n surfactant monomers with an effective charge of z. The equilibrium
between species can be expressed by the apparent equilibrium constant (apparent because we are

using molalities instead of activities — approximation acceptable at low concentrations), Ky,

Kv= 2)

where ms is the molality of surfactant ions in monomeric form, mc the molality of counterions and

m,, the molality of micelles.
Surfactant solution with concentration above critical micelle concentration, cmc, can be

considered as a mixed electrolyte solution with the total surfactant molality, m, containing

fraction of surfactant in micellar form, &, =n-m,, /m.

It follows that Ky, can be expressed as



1-n
Ky = G M 3)

n(L-ay) (m(1-ay, (1-8))"

where n is the aggregation number and £ (=z/n) the degree of micelle ionization.

b) Connection of the model to the experiment. To connect the proposed model with measured
quantity AH , we have to express enthalpy of solution in the titration cell obtained after i-th

injection, H;, as

where n; is the number of moles of solvent, ns the number of moles of surfactant ions in

monomeric form, nc the number of moles of free counter ions, and ny the number of moles of

surfactant ions in micellar form and H;, Hg, Hc, and H, the corresponding partial molar
enthalpies. By taking into account the total number of moles of surfactant, n,=n;+n,,, and counter

ions, n.=ng+/4n,, , Eq. (4) becomes
H;=nH, +n, (Hs+H;)+n,A,H (5)

where the enthalpy of micelle formation, A,H, is defined as

AyH=(H,, —Hs—(1-B)H,). (6)

Partial derivative of enthalpy with respect to n, at constant p, T, and n; in combination with

Gibbs-Duhem equation (detailed explanation is given in the Supplementary material), leads to the
relation for measured relative molar enthalpy, AH , including the enthalpy of micellization, AyH,
which is assumed to be concentration independent and thus equal to its value in the standard state

(AMH =AMHO),
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AH :(I-_|S+H_c—const)+AMH°(?TM] . (7
2 /mpT

Standard state is hypothetical state and is 1 M solution, which behaves as the solution at infinite
dilution. Equation (7) is ITC model function primarily used to fit our experimental data. The
fitting parameters within the model function are calculated by using set of equations which are

presented in continuation.

Using the Gibbs-Helmholtz relation and the Guggenheim approximation for surfactant mean

activity coefficient [26], the (H+ H ) contribution below cmc can be expressed as

Am ‘E
1+\/ﬁ

H_S+I-_|C:I-_|§+2-RT2[ +B'q m] (8)

where H? represents the partial molar enthalpy of surfactant in its standard state. The

coefficients A’y and B'(ry are temperature derivatives of the constants Ay and B, that reflect
solvent properties and ion-ion interactions, respectively [26]. Since the values of coefficients A'r)
and B'(ry are almost constant at all temperatures and they do not affect the values of other
thermodynamic parameters significantly, we have concluded that Guggenheim approximation is

adequate to represent ionic interactions in SAIL system.

Due to the small changes in concentrations of S™ and C~ ions above cmc, their concentration

and thus also their mean activity coefficient are assumed to remain constant and equal to its
value at the cmc. Consequently the contribution (ﬁs +ﬁc) above cmc can be also regarded as
constant.

RT

¢) Fitting procedure. By help of well-known relation A,,G° = —TInKM , the ITC model

function (Eq. (7)) may be described in terms of adjustable (fitting) parameters n, A,,H®, A,G’,

11



the coefficients A’y and B'qry (Eq. (8)) and AMc‘; in the case of global fitting (see explanation
further) The (on,, /on, )m - derivative in the Eq. (7) represents the fraction of surfactant

molecules in micellar state M and can be derived from the apparent equilibrium constant Ky,

considering the mass-balance relations (see Supplementary material).

To perform a global fitting of the data (fitting of curves at all temperatures simultaneously) we

must also include Kirchhoff's law
AH(T)=A,H° (Tr)+AMcg (T-T.) (9)
and the integrated Gibbs-Helmholtz equation

AGU(T) =T (AMGO(Tr)/Tr+AMH°(Tr)[1/T 1T+ AuC[1-T, /T —In(T /Tr)]) (10)

where A,H°(T) and A,G’(T) are the standard enthalpy and the standard Gibbs free energy of
micellization at some reference temperature T,. AMC‘; is heat capacity change for micellization

and was considered as constant. All above-mentioned adjustable parameters were obtained by
fitting of the Eq. (7) to the experimental data points using the Levenberg-Marquardt nonlinear
regression algorithm [27] for minimizing 4* function (Eq. z in Supplementary material). At this
point, it must be emphasized that the Egs. (2-8) and consequently the standard Gibbs free
energies and entropies are based on the molality scale. We also fitted our experimental data on
mole fraction scale and obtained parameters which were within the calculated error, but for

clarity reason only parameters on molality scale are shown.

In this work, a global fitting of the model equation to the corresponding experimental curves at
all the examined temperatures was performed giving a greater confidence in the proposed model
and consequently in all the adjustable parameters [28]. The main presumption concerning the

global fitting was temperature independence of the aggregation number, which turned out to be

12



acceptable since the individual and global fitting parameter didn't differentiate too much. This

approach was already successfully used in our previous work [29].

Results and Discussion

The dependence of experimental heat of dilution, AH, on surfactant concentration (enthalpogram)
for titration of [C1o,mim]Cl in water in the investigated temperature range is shown in

Fig. 1(a). Similar enthalpy patterns were also obtained for other investigated systems at the same
temperatures (Fig. S1 in the Supplementary material). In Fig. 1(b) the comparison of
enthalpograms for [Cxmim]CI systems is. As can be seen on Fig. 1(a), the heat effect at 298.15

K at [Cxmim]ClI systems is relatively weak and therefore the effect at 288.15 K is compared in

Fig. 1(b).
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Fig. 1: a) Temperature dependent enthalpograms for [C1,mim]ClI; b) enthalpograms for

[Cxmim]Cl at 288.15 K in water. Solid lines represent the fits according to the model function

(Eq. (7)).

As it can be seen from Figs. 1 and S1 in Supplementary material, anomalies from purely
sigmoidal behavior at some titration curves were observed, which cannot be fitted well (for
example [C1omim]Cl at higher temperatures, [C1,mim]OMs at 288.15 K and at 308. 15 K,
[C12mim]OAc at 288.15 K and at 298. 15 K]). The experiment can be described as usually: the

surfactant undergoes demicellization initially, which is followed by monomer dilution (at

13



surfactant concentrations in the calorimetric cell below the cmc). Thus, at the beginning of
experiment the heat changes measured result from demicellization of surfactant micelles, dilution
of monomers, corresponding counterions and their mutual interactions. After surfactant
concentration in the calorimetric cell reaches the cmc, solution undergoes micellar dilution only
(and no further demicellization) with an appreciable change in enthalpy that remains nearly

constant with increasing surfactant concentration.

Therefore, the whole enthalpy curve (Figs.1 and S1 in Supplementary material) consists of a
three regions: two approximately horizontal or at least linear parts linked by a declining or
increasing one. Evidently, investigated systems in general obey the same pattern as it has been
observed for classical surfactants and was also represented in our previous work for
alkyltrimethylammonium chlorides in water [21,30]. Obviously here the process at [C;omim]X

systems is strongly affected by the counter ions. The values of cmc and A,,H® were

simultaneously determined by the fitting procedure and are listed together with other
thermodynamic parameters in Table S1 in Supplementary material for all systems at all
investigated temperatures. Here also the comparison with the (available) literature data and cmc
values as obtained from different techniques are reported. In Fig. 2, values the degree of micelle
ionization, as estimated from conductivity measurements and cmc values form ITC at 298.15 K

are presented.
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Fig. 2. a) Values for degree of micelle ionization, g, and b) critical micelle concentrations, cmc,

for all investigated systems at 298.15 K.
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From Figs. 1(b) and 2(b) (and in Table S1 in Supplementary material) it is evident that cmc is
decreasing with the length of side alkyl chain in the imidazolium cation at [Cymim]Cl, as it is
usual for “classical” surfactants. The values of cmc, estimated in this work, are in reasonable
agreement with the literature data. There is no explicit relation between degree of micelle

ionization, S, and side alkyl chain length.

On the other hand, at [C1,mim]X systems cmc values decrease with increasing hydrophobicity of
counterions. Thus OAc" is strongly hydrated (cosmotrop) and possesses thus the highest cmc,
OTs’, OTf and Sal” are hydrophobic and their cmc values are lower. If hydrogen is replaced by
fluoride the hydrophobic character of counterion is more pronounced what affects cmc crucially
(OAC vs. TFA"; OMs vs. OTT). At 298.15 K cmc can be ranked in OAc" ~ OMs™ ~ CI" > Br
TFA > I' > OTs ~ OTf > Sal'.

The values of the degree of micelle ionization, 3, at [C;omim]X systems are strongly dependent
on the counter ions and can be ranked in the order CI" > OAc' * OMs > TFA > Br>OTf > 1" >
OTs > Sal”. Weakly hydrated counter ions (I, OTs") can be adsorbed more readily on the micellar
surface, resulting in decreased charge repulsion between the ionic surfactant head groups. In
contrast, the charge on the heavily hydrated CI" is partially screened by the surrounding polar
water molecules and these counter ions are thus less effective in reducing the charge repulsion.
CI" cannot approach the highly charged surface of the micelle as closely as less hydrated ions.
Therefore, it can neither screen the charge at the surface of micelles nor reduce the surface
potential as effectively as other, less hydrated ions. This results not only in higher values of p but
also in higher values of cmc (Fig. 2). [C1,mim]OTs and [C1omim]Sal express the outstanding low
value of B what can be ascribed to possible intercalation of anion possessing an aromatic ring in
the micelle what has been already confirmed at dodecyltrimethylammmoinum chloride (DTACI)

in the presence of NaSal [31].

In our previous work weak temperature dependence of £ at ionic surfactants was observed
[32,33]. Thus, in this work S values were determined at 298.15 K only and were regarded as
temperature independent quantity since their values do not affect the thermodynamic analysis

crucially.
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The temperature dependence of cmc shows typical U-shaped form (Fig. S2 in Supplementary
material) reaching the minimum value cmc* at the temperature T*. These values, obtained from
the corresponding derivative of the polynomial cmc=A+BT+CT?, are listed in Table 1, whereas
the coefficients of polynomial are given in Table S2 in Supplementary material.

The comparison of thermodynamic functions at 298.15 K is given in Fig. 3. The reported errors
in Table S1 in Supplementary material correspond to the precision of the experimental data and
the fitting procedure assuming the proposed model is correct.

The micellization process of studied systems is endothermic at low temperatures and becomes
exothermic at high temperatures, as it is evident from Table S1 in Supplementary material and
Fig. S3 in Supplementary material. Such behaviour could be ascribed to the delicate balance
between hydrophobic hydration of nonpolar parts (endothermic) and couter ion binding
(exothermic) upon micellization, where former effect diminishes with temperature [34].
Interestingly, for [C;omim]l and [C1,mim]Sal the micellization process would be endothermic at
relatively low temperature, ~270 K.
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Fig. 3. Thermodynamic parameters of micellization for investigated systems in water at 298.15

K: standard enthalpy, A,,H°, Gibbs free energy, A,,G°, and entropy contributions, TA,,S°, for

micellization at investigated systems in water as obtained by the fitting procedure.

Similar change in the sign of A,,H® with increasing temperature has been already observed for
number of ionic surfactants also [21,29,30,32,35]. As it is evident form Table 1, the temperature
To at which Ay, H 9 =0 is in excellent agreement with T" confirming that the micellization can
be described well by applied mass-action model. According to the model, the Gibbs energy of
micellization, AuG®, is a function of temperature, therefore the cmc minimum leads to a
minimum in the AuG®/T. Following the Gibbs-Helmholtz relation, thus AyH® must pass through
zero. Here, temperature Ty at which AHP2, =0 is in the range of room temperature for all

systems, except for [Comim]l and [Ciomim]Sal, where Ty =~ 270 K could be estimated (Table

S1, Fig. S3 in Supplementary material).
From Fig. 3 it is evident, that an interplay between enthalpy and entropy results in the negative

values of Gibbs free energy, needed at spontaneous processes at constant p and T. As it was

already mention in Introduction, for diverse processes the linear relation between enthalpy and
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entropy was. For micellization process these linear relationship between the changes in entropy

and enthalpy can be represented by
AyH'=AyH +T.A,S" (11)

where T is called the compensation temperature and can be obtained from the slope of the
straight line with AyH. as the intercept [36,37]. T, can be interpreted as a characteristic of
solute-solvent interactions, i.e., proposed as a measure of the “desolvation” part of the process of
micellization and correlates to thus to the dehydration of the nonpolar parts of the self-assembled
molecules [37]. AvH. characterizes the solute-solute interactions and is considered as an index of
the “chemical” part of the process of micellization, connected to the formation of micelle of

monomers [37].

Entropy-enthalpy plots for all investigated systems are presented in Fig. S4 in Supplementary
material for all investigated SAILs, whereas the estimated values of T, and AyH,. are listed in
Table 1.

Evidently, for all investigated systems values of T, are close together, T, = 300 + 3 K. According
to Lumry and Rajender [36], for a variety of processes involving aqueous solutions of small
molecules T, values lie in a narrow range between 250 and 350 K. Even more, Lumry’s law
states that, for processes dominated by hydration, a value of T,=280 K should be assumed
[36,38,39]. Thus, the value obtained here for studied SAILsKk is indicative for processes
dominated by dehydration [36].

It was assumed [37], that AyH. represents the strength of the solute-solute interactions at
surfactant aggregation when the entropic contribution to micellization is zero i.e., A,S°=0 . The
increase in AyH, corresponds thus to a decrease in the stability of the structure of the micelles.
From Table 2 is evident that AyH is ranked in the order [C;omim]CI > [C1;mim]CI [C14smim]CI

> [C16mim]CI. It can be assumed that the self-assembled structures with C,¢ are more densely

packed then those with Co, as it is usual also at “classical” ionic surfactants [37,40].
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In other words, the effect of this so-called “chemical part” of the process in micellization
diminishes as the alkyl chain length decreases. In our previous work [37] it was found, that the
value of AyH. decreases by ~3.9 kJ-mol™ when the alkyl chain length increases by one

methylene unit for an ionic surfactant, and less (~2.9 kJ-mol™) for a nonionic surfactant CiEs.

As it is evident from Table 1, for investigated SAILs value of AwH. decreases for 3.1 kJ-mol™
at increasing the side alkyl chain for one methylene group from [C1omim]ClI to [C1,mim]Cl, for
2.9 kJ-mol™ from [C1,mim]Cl to [C.smim]ClI, and for 2.6 kJ-mol™ from [C1smim]CI to

[C16mim]CI, what is in reasonable agreement with reported findings [37].

For surfactants possessing C1,-alkyl chain, value of AyH = ~ -35 kJ mol™ is reported [37], but it
was determined on very narrow choice of counterions (Br’, Na*). In this work for AyH. values
from -13.0 kJ mol™ ([C1,mim]OAc) to -27.7 kJ mol™ ([C1mim]Sal) were estimated. Thus

AmHc depends strongly on the counterion, as it is evident also from Table 1.

| [C,mim]CI
5L X=
I ® 10 [C,,mim]X
— 12 X=
20 A 1 o
-
= 5L v 16 ®m Br
Io m |
5 | & OAc
20 - TFA
F o ¢ Sal
251 OMs
| OTf
_30 1 L 1 1 1 n 1 n I* .OTSI
-30 25 -20 -15 -10 5 0

A,G°(298.15 K) / kJ mol’

Fig. 4. Intercepts of the EEC plot, AyH,, as a function of AyG°(298.15 K) for all investigated
systems.
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Unfortunately, there is no data on the effect of the counterions on the enthalpy-entropy
compensation effect in the literature. But having the look on the Fig. 4, presenting the AyH. as a
function of AyG°(298.15 K), we can see that all values are excellent fitted to the same line
starting in the origin with the slope of 1. There is no doubt that the length of alkyl chain and the
counter ions influence the micellization process. As it is evident form Figs. 2 and 3 and results in
Table S1 in Supplementary material, cmc, S, and all thermodynamic functions are strongly
dependent on properties of system. But there is no evidence that there is some extra-
thermodynamic mechanism for AH-AS compensation. Values of AyH., determined in these
work for SAILs with four different alkyl chain and for nine different counter ions for the SAILs
with Cy,-alkyl chain are practically identical to the value of AuG® near T. Thus it can be
concluded that in this case EEC is the fact, arising from the relationship AG = AH — TAS. An
inspections of values for AyG® in Table S1 in Supplementary material reveals, that for a separate
system micellization process occurs at the nearly constant AuG® (£ ~ 2 kJ- mol™), but there are
bigger differences among them, for example ~ 15 kJ- mol™ between [Cy;mim]Cl and

[C16mim]Cl and also between [C1omim]OAc and [Ciomim]Sal.

Nevertheless, the main driving force for the formation of micelles is the apparent disaffinity of

water and the nonpolar (interacting) surfaces known as hydrophobic effect. The parameter that
illustrates this effect is the heat capacity of micellization, A, Cg , which is highly negative (Table

1), what can be ascribed to the removal of water molecules from contact with nonpolar surface
area upon micelle formation [41]. However, their values are considerably dependent on the

counter ions.

By modeling the micellization processes as a transfer of surfactant molecules into the micellar
phase, the heat capacity can be expressed in terms of the change of water accessible

nonpolar and polar surface areas, derived by Spolar et al. [42] from protein folding

A€o (3-K*-mol?) = ~1.34(+0.33) - AA,, (A%)+0.59(20.17) - AA  (A?) (12)
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where AA, stand for the loss of water accessible polar and AA, for nonpolar surface area upon
protein folding. Because the hydrophilic head groups of non-ionic surfactants remain hydrated

upon micelle formation, the “theoretical” contribution of water accessible nonpolar surface area
change to the heat capacity change upon micelle formation, AMcg (thnp), can be assumed to reflect

only the change in exposure of the hydrophobic tails to water. Consequently, the Eq. (12) is

reduced to

AyCo(th, )(3-K™-mol™) =—1.34(+0.33) - AA  (A?) =

This approach turned out as useful for a series of non-ionic surfactants [43,44].

According to Richards [45], water accessible surface area of a methylene group is 30 A and 88
A? for a methyl group. Thus AA, of the hydrophobic tails of the surfactants investigated in this
study is 358, 418, 478 and 538 A? for the Cy0, C12, C14 and Cys alkyl chain, respectively, giving

the values of A, ¢ (thy) = -479, -560, -640 and -720 J- K™ mol™ for Cy, Ci, C14 and Cyg alkyl
chain, respectively. Comparison of AMCS (thnp), estimated by Eq. (13) with AMcg (exp), as
illustrated in Fig. 5, reveals that there is an evident discrepancy between AMcg (thnp) and

Ay cg (exp). This discrepancy can be explained in two ways:
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Fig. 5. Comparison of theoretical and experimental values of heat capacity changes upon
micllization process, AMCS, for a) [Cymim]Cl and b) [C1, mim]X.

a) It can be assumed that there are still water molecules in the interior of the micelle upon
micellization and thus the AA,, estimated by approach of Richards [45] mentioned above
overestimates. That is, the “real” AA,, is smaller than that of Richards. Actually, the low
aggregation numbers, naqq, Of studied surfactants obtained by the fitting procedure (see Table 1)
support the above presumption of loose aggregates with lots of water molecules still in contact

with hydrocarbon skeleton even after micelles are formed for [Cxmim]CI.

b) The Eq. (13) holds well for non-ionic surfactants [43,44], but it is not valid for ionic
surfactants. Positive contribution of removal of water accessible polar surface area to the heat
capacity change of micellization should also be considered and cannot be neglected, consistent
with the findings for the heat capacity change upon protein folding [42]. It is believed that ionic
surfactant are fully dissociated in aqueous solution when the surfactant concentration is below its
cmc. But this is not the case upon micellization, where the partially binding of counterions to the
micelles results in the values of degree of micelle ionization lower then 1 (0.1 < 8 <0.6, Fig.

2(b). Thus, the contribution of the removal of water accessible polar surface area, AA,, should not

be neglected in the case of ionic surfactants. However no direct correlation between A, cg and g

can be deduced (Figs. 2, 5 and S5 in Supplementary material). Interestingly, the difference
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between AMcg (exp) and AMCS (thnp) for the [Cxmim]Cl systems, as illustrated in Fig. 5(a), is
almost constant 127+12 J mol*K™, that implies the removal of water accessible polar surface area
due to the partial binding of counterions (CI°) to the micelles is almost independent of alkyl chain
length of ionic liquid [Cymim]CI. In addition, the influence of counterion on AMCS for
[C1omim]X systems is illustrated in Fig. 5(b). If simply consider three systems: [C1,mim]Cl,

[C12mim]Br and [Comim]l, it is obvious to observe that the difference between AMCS (exp) and

AMCS (thnp) for the systems increases along with an increase in size of anion. It is plausible to

conjecture that the removal of water accessible polar surface area also increases along with an
increase in size of counterion binding onto the micelle but it can be concluded that AA, part here

cannot be neglected.

Recently, the incorporation of hydrophobic part of counter ion (benzene ring) in the micelle was
confirmed for hydroxybenzoates [31, 46] and parabens [18] at micellization of
dodecyltrimethylammonium chloride (DTACI) in water. In this case the contribution for the

removal of the hydrophobic part of counterion from the contact with water after micellization to
the AMCS can be assumed. Thus, the “hydrophobic” anions (OTs’, OTf, TFA" and Sal’) can be

partially incorporated in the micelle and therefore the hydrophobic part of anion can contribute to
the AAp. The result of such incorporation frequently leads to the formation of elongated or rod-
like micelles at higher concentrations, which also indicate our viscosity measurements (Fig. S6 in
Supplementary material). This was, for example, already confirmed for [C;smim]OTs by Singh et
al. using various methods [47].
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Table 1. Aggregation number for of micelles, nyyq , the temperature, T*(cmc), at the minimum

critical micelle concentration, cmc*, temperature T, at AMHO: 0, together with the “chemical

part” of the micellization process, AyH., compensation temperature, T, and standard heat

capacity change upon micelle formation, AMCF()J , for the investigated systems.?

*

Nagg T (cme) cmc To AmHe Te Ayc
[C1omim]CI 13.4+ 0.1 309.0 58.2+0.1 309.0 | -89+0.1 298 +£3 -353+ 2
[C1omim]CI 16.33 £ 0.06 302.9 15.2+0.8 302.3 | -15.0+0.2 297 £ 3 417+ 2
[C1omim]Br 16.82 £ 0.01 291.9 10.5+0.5 291.8 | -17.0+£0.2 297 +4 -398 +£3
[Cromim]l 176 £0.2 271.0 4.6£0.3 2704 | -229+0.2 297 +4 -387 £2
[Comim]OAc | 10403 | 3113 | 167:09 | 311.2 | -13.0£02 | 297+4 | -476+2
[C12mim]OMs 21.8+0.1 306.3 15.2+0.8 | 306.3 | -13.7+0.2 298+3 | -430+2
[Comim]OTs | 8.20+0.02 | 2902 | 2.8+0.1 | 2905 | 261+02 | 298+3 | -621+1
[Comim]OTf | 169+0.1 | 2863 | 2.7+0.1 | 2865 | 23.0£02 | 299+4 | -494+2
[Comim]TFA | 172+02 | 3013 | 64403 | 300.6 | -185+03 | 298+4 | -528+1
[Czmim]Sal 9308 | 2755 | 1.66£0.09 | 2732 | 27.7+02 | 298+3 | -526+2
[Camim]ClI 206+0.1 | 2976 | 3.7+02 | 2980 | 209402 | 298+3 | -516+2
[C16mim]CI 11.1 £0.1 292.7 0.92+0.05 | 293.1 | -26.1+0.2 302+3 -608 £ 2

*Units: T (cmc), K; cme*, mmol kg™; To, K; AmHe, kJ:mol™; Te, K; a,,¢0, J- K™ mol ™,
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Conclusions

The present work clearly shows the great potential of surface active ionic liquids (SAILS) at
investigation of thermodynamic of micellization process in solutions due to possible variations
in the structure of chain length and counter ions. In many ways their behavior is identical to
those observed by “usual” cationic surfactants: the critical micelle concentration is decreasing
with the length of hydrophobic chain and expresses a minimum in the temperature dependence.
In general, the micellization process is endothermic at low temperatures and exothermic at high
temperatures, but in this work it was verified that the influence of counter ions plays an
extremely important role. It was confirmed, that the hydrophobicity of counter ions evidently
contribute to the heat capacity change and the water accessible surface area removal upon burial
of non-polar group from the contact with water at micellization process. Even more, it can be
assumed that all hydrophobic anions (OTs’, OTf, TFA™ and Sal’) are partially incorporated in

the micelle.

Enthalpy-entropy compensation (EEC) plots exhibit nearly parallel slopes for all studied SAILs
giving compensation temperatures T, = 300 + 3 K, indicating the domination of dehydration by
micellization process at all studied SAILs. The interceptions of these plots, AyH. as the measure
for so-called “chemical part” of the micellization, turned out as being strongly correlated to the
AmG®, leading to the conclusion that at micellization process entropy-enthalpy compensation is

the fact, arising from the relationship AG = AH — TAS.

Finally, AMCg was correlated with the removal of solvent accessible surface areas of SAILs and
counterion from the contact with water after micellization. From the discrepancies between
experimental and theoretical values of AMC(; it can be assumed, that there are still are still water

molecules in the interior of the micelle upon micellization or/and that also the contribution of the
removal of polar water accessible surface should be taken into account in the case of ionic

surfactants.
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Thermodynamic analysis

Fig. S1. Temperature dependent enthalpograms for investigated SAILs in water. Solid lines
represent the global fits according to the Egs. (m-t).

Fig. S2. Temperature dependence of cmc for investigated SAILs in water. Solid lines
represent the corresponding polynomial fits, cmc=A+BT+CT? Coefficients are given in Table
S2 in Supporting Information.

Fig. S3. Temperature dependence of the standard enthalpy of micellization, AyH®, for
investigated SAILs in water. Solid lines represent the corresponding linear fits,

Fig. S4. Enthalpy-entropy compensation plots for the micellization process of investigated
SAILs in water. Solid lines represent linear fits (Eg. (11) in main manuscript).

Fig. S5. Correlation between AMcg and 3 for the micellization process of investigated
[C1omim]X SAILs in water.

Fig. S6. Viscosities of aqueous solutions of investigated [C;,mim]X SAILs at 298.15 K.

Table S1: Thermodynamic parameters of micellization for investigated SAILs in water at all
the investigated temperatures: critical micelle concentration, cmc, degree of micelle
ionization, B, standard enthalpy, A,,H°, Gibbs free energy, A,,G°, and entropy

contributions, TA,,S?, for micellization for investigated systems in water as obtained by the
fitting procedure.

Table S2. Coefficients of polynomials cmc =A+ BT + CT*.

S2



Thermodynamic analysis

a) Model description. According to the mass-action model [1-4] the micellization process of a
cationic surfactant at constant temperature, T, and pressure, p, may be described as

NS +(n-z)C =M’ (a)

. — . . p+
where S* represents the monomeric state of surfactant, C corresponding counterions and M
the micellar aggregate of n surfactant monomers with an effective charge of z. The

equilibrium between species can be expressed by equilibrium constant, K, as

a,, m,, / m° Yan

n 4qn

K: —z: 0y\n On—z. n _n-z
as ac (mg /m”)"(m. /m”) Vs Ve

=Kw-K, (b)

where as, ac and ay are the activities of the surfactant ions in monomeric form, counterions
and micelles, respectively; ms, mcand my are the corresponding molalities; s, )cand y the

corresponding activity coefficients and m° standard molality, 1 mol kg™.

At low concentrations of surfactant it can be assumed that K, =1, and the apparent
equilibrium constant, Ky, usually is written in a simplified form as
Ku = v (c)

n-z

mg mg

Surfactant solution with concentration greater than cmc can be considered as a mixed

electrolyte solution with the total surfactant molality, m,

m=mg+n-my, (d)
and the degree of micellization «,, =n-m,, / m. The total molality of counterions, mc, is
given as

m.=m—(n—z)m, (e)

From the above equations it follows that the standard Gibbs free energy for micellization,

AuG?, of ionic surfactant can be expressed as

1-n
AG = -k, =~ Ry 2y M
n

n n(l—aM)n(m(l—aM(1—ﬂ)))H

(f)
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where fis degree of micelle ionization (=z/n, where z is the effective charge of the micelles

and n is the number of surfactant monomer in the micellar aggregate).

b) Connection of model to experiment. The equilibrium between monomeric surfactant ions,
their micelles and corresponding simple counterions can be also described in terms of the
composition variables n; (the number of moles of solvent), ns (the number of moles of
surfactant ions in monomeric form), nc (the number of moles of free counterions), and ny (the

number of moles of surfactant ions in micellar form) and the corresponding partial molar
enthalpies H,, Hg, Hc, and H,,. The enthalpy of solution in the titration cell obtained after
i-th injection, H;, can be thus expressed as

H,=nH,+n,H,=nH, +nH+n.H.+n,H,, . (@)
By taking into account the total number of moles of surfactant, n, =ng+n,,, and counterions,
n.=ns +(z/n)n, , Eq. (g) becomes

H;=nH, +n,(Hs+H¢)+n,A,H (h)

where the enthalpy of micelle formation, A,,H , is defined as

AyH=(Hy —Hs—(1-z/n)H,). (i)
By taking the partial derivative of enthalpy, H;, with respect to n, at constant p, T, and n; and

using the Gibbs-Duhem equation (Zni dﬁi =0, p,T = const.) we obtain

A, {%j _
on, 0T

o ()
_ H _ OolH,+H
=%H1+nlﬂ+%(Hs+Hc)+n2 (Hs C)+8n“"AMH +n,, PBuH
on, on, on, on, on, on,
which gives us the relation below
- = = on,,
H,=(Hs+Hc)+A,H| =% . (K)
on,
n,p.T
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In the ITC experiment (constant p, T), the measured property reflects heat effect, g;, that results

from each (i-th) injection of the titrant solution into the titration cell. The measured heat effect is

thus usually given as the enthalpy change, AH , expressed per mole of added titrant (solute)

. H.—H, H
AH — q| :( 1 |—1) _ a (I)
An, An, An,
where H; and H_, represent the enthalpies of solution in measuring cell after i-th and (i—1)-th
injection, respectively. H, is the enthalpy of injected aliquot of titrant solution and An, is the

amount of solute in that aliquot. As during the titration procedure the aliquots are constant and

very small (An, << n, =amount of solvent in the titration cell), the Eq. (I) simplifies into

AH 2[6—H) — const =H, —const . (m)
on,
n.p.T

The combination of Egs. (k) and (m) leads to the measured relative molar enthalpy, AH ,

containing the enthalpy of micellization which is assumed to be concentration independent

and thus equal to its value in the standard state (Ay,H =AyH 0).

AH =(I-_|S+I-_|C—const)+AMHo(%J : (n)
n,p.T

n,

Using the Gibbs-Helmholtz relation and the Guggenheim approximation for surfactant mean

activity coefficient>®

| _ A(T)ﬁ
—10gy, =
N 1+\/F

+Brym (0)
below the cmc (H+H ) contribution can be expressed as

Ho+Hg=HJ+2-RT

er @™ m] (p)

where H_ represents the partial molar enthalpy of surfactant in its standard state. The

coefficients A'rr) and B'(r) are temperature derivatives of the constants Aty and B, that reflect

solvent properties and ion-ion interactions, respectively [5].
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Above the cmc, (Hg+H) contribution is assumed to remain constant and equal to its value
at the cmc due to the small changes in concentrations of S* and C™ ions.
The (on,, /5n2)n1 o derivative in the Eq. (n) represents the fraction of surfactant molecules in

micellar state M and can be derived from the apparent equilibrium constant, Ky, (Egs. (¢) and

() as

an, n[u+g]
. =1 1 (@)
N )y or +n[u+(1-B8)g]
where the parameters u and g are functions of the degree of micellization (av) and the degree

of micelle ionization ()

u=—Sm_
1-¢,,
(1-z/n)a,

1-(1-z/n)ey, +m,/m’

(r)

g:

c) Fitting procedure. In the global analysis (fitting of experimental curves at all temperatures

simultaneously) of ITC data we used the Kirchhoff's law
AyH' (M) =A H () +A,c, (T-T)) (s)
and the integrated Gibbs-Helmholtz equation

AG (M) =T (AyG (M) / T, + Ay HOT)[U/ T =1/ T ]+ A, [1-T, / T —In(T /T,) ) (1

where A,H®(T) and A,G'(T) are the standard enthalpy and the standard Gibbs free energy of
micellization at some reference temperature T,. Therefore, it follows from the Eq. (f) and Eqgs.

(0-t), that the ITC model equation (Eq. (n)) may be described in terms of n, A,,H®, A,,G’,

AMCg , and the coefficients A'rry and Bty at any surfactant concentration and temperature, T.

All these values were obtained by fitting of the model equation to the experimental data points
in the following manner. The model equation was compared to the experimental curves via

the #* function defined as
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2
) AH, —AH™
A el e u
22| “
where AH, and AH™ represent the experimental and the model enthalpy, whereas

A(AHi) represents the absolute error in measured enthalpy, AH, . By minimization of Va

function best-fit values of the above-mentioned parameters were calculated using the

Levenberg-Marquardt nonlinear regression algorithm [6]. Their values were further used to

calculate correspondingA,,H®, A,,G°, and TA,,S° at some other temperature. The entropy

change, AMSO, associated with the examined process was obtained from the Gibbs-

Helmholtz equation

:AMHO—AMGO

A, S°
M T

v)

and the molar heat capacity change of micelle formation, AMcg , was given from the

temperature dependence of A,,H 0

d) Fitting algorithm. Modeling algorithm of fitting of model function (Eq. (n)) to the
corresponding experimental data (Fig. 1 in the main manuscript and S1 in Supplementary

material) was following:

1. At a given T, (usually 298.15 K) reasonable initial values of adjustable parameters n,

AGH(T), AG(T), AMCE , and the coefficients A’y and B'(r) are chosen.

2. For a given A,,G*(T) value a can be determined at any concentration m iteratively from

Eq.(f) together with the corresponding derivative , (onm/onz)n, p, 1 (E. (0)).

3. The value of the model function (Eg. (n)) at a given titration point (m) is calculated for the

selected set of adjustable parameters.
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4. Using Kirchhoff's law and the integrated Gibbs-Helmholtz (Egs. (s) and (t)) the A,,G° and

A,,H® are calculated for other temperatures.

5. Steps 2, 3 are repeated for every experimental point (each successive m) to calculate the
corresponding model functions (Eqg.(n)).

6. The model functions (Eq. (n)) are compared to the corresponding experimental curves via

2
the y function defined as:

» | AH;—AH™ i
- ®

where AHi is the experimental AH at given titration point (m), AH;™ is the corresponding
value of the model function (Eg. (n)) and A(AH;) is the estimated absolute error in the
measured AH (ITC).

7. The best fit of the model functions to the corresponding experimental curves (AH vs. m) is

obtained by minimization of the corresponding . Levenberg-Marquardt algorithm is applied

to select new sets of adjustable parameters n, AyH'(T,), A,G'(T,), A,C;, and the
coefficients A'ryand B'(ry (ITC at given T) and by repeating steps 1. to 6. to find a minimum in
7. Their values at the global minimum of »* are considered as the best descriptors of the

experimental ITC curves.

8. Statistical analysis:
(i) The mean-square deviations (errors) of the adjustable parameters are calculated as square
roots of the diagonal elements, C of the variance-covariance matrix, C, which is defined as

the inverse of the curvature matrix, . The elements of the curvature matrix, Bkl, are given by

the simplified relation [7,8]:

o’y 1 OAH™ 6AH™
fa= = | )
BB, T (A(AH))\ B, 0B
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in which B, and B are the adjustable parameters (n, AyH’(T), AG'(T), AyCy, and the

coefficients A'ry and B'(ry). The derivatives in Eq. (x) are calculated analytically.

In this work, only the global fitting of the model equation to the corresponding experimental
curves at all the examined temperatures was carried out simultaneously. The advantage of this
procedure over the individual fitting at a single temperature is greater confidence in the
proposed model and consequently in all the adjustable parameters [9]. The main presumption
concerning the global fitting was temperature independence of the aggregation number. But in
our previous work it turned out that values obtained from the individual best-fit values and
the global-fit value for n of the chosen system were basically the same [10].

Degree of micelle ionization was assumed to be also temperature independent for all the
systems investigated. During the fitting procedure, anomalies from purely sigmoidal behavior
at some titration curves were observed ([C1omim]Cl at higher temperatures, [C1,mim]OMs at
288.15 K and at 308. 15 K, [C;omim]OAc at 288.15 K and at 298. 15 K]).

All obtained thermodynamic parameters are gathered in Tables 1 and 2 in the main text and
in Table S1 in Supporting Information.
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Fig. S1. Temperature dependent enthalpograms for investigated SAILs in water. Solid lines
represent the global fits according to the Egs.( n-t).
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Fig. S2. Temperature dependence of cmc for investigated SAILs in water. Solid lines
represent the corresponding polynomial fits, cmc=A+BT+CT?. Coefficients are given in Table
S2 in Supplementary material.

S11



A H/k3-mol™

A H%kJ-mol™

M

b) 20
10
5+ \ 10 -
0 g o
iy
) <
54 ° [Cmm!m]CI oIs cr
[C,,mim]CI < -10 .
-10 A [C, mim]CI [C,,mim]CI Br
v [C, mim]CI = [C_mim]Br
-15 -20 o r
15 = [C mim]l
-20 T T T T T
270 280 290 300 310 320 330 -30 T T T T T T T T T T T
TIK 270 280 290 300 310 320 330
T/IK
20
¢ [C,mimOAC d) 20
10 [Clzm?m]TFA
¢ [C mim]Sal 104
0 ) \
\ E 0
g
<
-10 T \
=
< -10- 5
[C12mim]OMs
-20 [C12mim]OTf
-20 4 * [C12mim]OTs
-30 T T T T T T T T T T T
270 280 290 300 310 320 330 -30 ; ; ; ; ;
T/IK 270 280 290 300 310 320 330

T/IK

Fig. S3. Temperature dependence of the standard enthalpy of micellization, AyH°, for
investigated SAILs in water. Solid lines represent the corresponding linear fits.

S12



a) 15 b) 20

10 1
10
- 54 E
s S
E o E 0
2 2
oI OIE
s .5
< i < 104
[C, mimIC] 10 [C,mim]CI
-10 [Clzm!m]CI = [C _mim]Br
[ClAm!m]CI 204 = [Cmim]
154 [C,;mim]CI
-20 T T T T T -30 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
A S°kIK mol* A,S°kIK* mol™*
M
c) 20 d) 20
10 1 10 4
IS s
E o E 0-
= by
=< =<
OI QI
= =
< -10 < .10
¢ [C mim]OAc [C,,mim]OMs
[C,,mim]TFA [C,,mim]OTf
201 * [C mim]sal 201 * [C,mimlOTs
-30 T T T T T -30 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
A,S°kIK mol™ A,S°kIK -mol™

Fig. S4. Enthalpy-entropy compensation plots for the micellization process of investigated
SAILs in water. Solid lines represent linear fits (Eg. (11) in main manuscript).

S13



OTs
TFA
Sal
OTf
OAc
OMs
|

Br

Cl

-700 -600 -500 -400 -300 -200 -100 0 0.2 B 0.4

0
AMCp

Fig. S5. Correlation between AMCS and B for the micellization process of investigated

[C12mim]X SAILs in water.

100

m / mmol kg™

Fig. S6. Viscosities of aqueous solutions of investigated [C;,mim]X SAILs at 298.15 K.

S14



Table S1: Thermodynamic parameters of micellization for investigated SAILs in water at all
the investigated temperatures: critical micelle concentration, cmc, degree of micelle
ionization, B, standard enthalpy, A,,H°, Gibbs free energy, A,,G°, and entropy

contributions, TA,,S°, for micellization for investigated systems in water as obtained by the
fitting procedure and comparison with literature data (where possible).a'b

T cme B AyH® AyG° [
[Clomlm]C|
278.15 702 10.89+0.09 -7.684+0.006 18.57+0.09
288.15 63+2 7.36+0.08 -8.289+0.005 15.65+0.08
298.15 60+2 0.54+0.02 3.83+0.09 -8.771+0.006 12.61+0.09
58.5+1.3¢ 3.5+0.2¢
61.83°
308.15 5942 0.31+0.12 -9.136+0.009 9.4+0.1
318.15 59+2 -3.240.2 -9.39+0.01 6.2+0.2
[Clzmlm]C|
278.15 17.0£0.9 10.1+0.1 -13.493 +0.008 | 23.6+0.1
288.15 15.8+0.8 5.91+ 0.07 -14.267 +0.007 | 20.18+0.08
298.15 15.240.8 | 0.43+0.01 1.74+ 0.06 -14.896+ 0.006 | 16.64+0.06
14.53°
14.23°
308.15 15.3+0.8 -2.43+0.07 | -15.385+0.007 | 12.96+0.07
318.15 15.8+0.8 6.6+ 0.1 -15.738+ 0.008 9.1+ 0.1
[Ciomim]Br
278.15 11.0£0.5 5.4+ 0.1 -15.65+ 0.01 21.1+0.1
288.15 10.5+0.5 1.45+0.08 -16.34+0.01 17.79+ 0.08
298.15 10.7£0.5 | 0.30+0.01 | -2.53+0.06 -16.88+ 0.01 14.36+ 0.06
10.29° -3.51+0.01"
9.07'
10.24¢
9.68+0.05"
308.15 11.1£0.5 -6.51+ 0.08 -17.30+ 0.01 10.80+ 0.08
318.15 12.0+0.6 -10.5+0.1 -17.59 +0.01 71+0.1
[C12mim]l
278.15 4.6+0.3 -3.0+ 0.1 -21.74+ 0.01 18.8+0.1
288.15 4.840.3 -6.85+ 0.07 -22.35+0.01 15.50+ 0.07
298.15 52403 | 0.16£0.01 | -10.72+0.06 -22.82+0.01 12.10+ 0.06
5.19°
4.76"
4.12°
308.15 5.6+0.3 -14.60+ 0.07 -23.16+ 0.01 8.57+ 0.07
318.15 6.8+0.4 -18.5+ 0.1 -23.38+0.01 4.9+ 0.1

[C12mim]OAC
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278.15 21.8+0.4 15.8+0.1 -11.29+0.02 27.1+0.01
288.15 19.0+0.3 11.01+0.07 -12.17+0.02 23.19+0.07
298.15 17.52+0.3 | 0.53+0.01 6.25+0.05 -12.90+0.02 19.15+0.05
17.27°
308.15 16.9+0.3 1.49+0.07 -13.46+0.02 14.95+0.07
318.15 16.9+0.3 -3.3+0.1 -13.87+0.02 10.6+0.1
C1omim]OMs
278.15 18.5+0.9 12.10+0.08 -12.10+0.01 24.20+0.08
288.15 16.7+0.9 7.80+0.07 -12.91+0.01 20.71+0.07
298.15 15.7+0.8 0.55+0.01 3.50+0.08 -13.55+0.01 17.05+0.08
14.71°
12.50"
15.26°
308.15 15.6+0.8 -0.8+0.1 -14.05+ 0.01 13.3+0.1
318.15 16.0+0.8 -5.1+0.1 -14.41+0.01 9.3+ 0.1
C1omim]OTs
278.15 2.93+0.09 7.6£0.1 -24.05+ 0.02 31.6£0.1
288.15 2.83+0.09 1.36+ 0.07 -25.08+ 0.02 26.44+ 0.07
298.15 2.88+0.09 | 0.11+0.01 -4.86+ 0.06 -25.89+ 0.02 21.03+0.06
3.44°
2.25
308.15 3.04+0.09 -11.07+£0.07 -26.49+ 0.02 15.42+ 0.07
318.15 3.31+0.09 -17.3+£0.1 -29.89+ 0.02 9.6-+£0.1
Clzmlm]OTf
278.15 2.79+0.09 41+0.1 -21.31+0.01 25.4+0.1
288.15 2.76+0.08 -0.84+ 0.06 -22.14+0.01 21.30+ 0.06
298.15 2.83+0.08 | 0.23+0.01 -5.78+ 0.04 -22.79+ 0.01 17.02+ 0.04
2.71°
2.37"
2.699
308.15 3.01£0.09 -10.71+ 0.06 -23.28+0.01 12.57+ 0.06
318.15 3.30+0.09 -15.7+£0.1 -23.61+0.01 8.0+£0.1
Clzmlm]TFA
278.15 7.3£0.3 11.8+£0.1 -16.61+ 0.01 28.4+0.1
288.15 6.7+0.3 6.56+ 0.06 -17.54+ 0.01 24.09+ 0.06
298.15 6.5+0.3 0.44+0.01 1.28+0.05 -18.28+ 0.01 19.56+ 0.05
6.61°
5.23
7.20¢
308.15 6.5+0.3 -3.99+0.06 -18.85+ 0.01 14.86+ 0.06
318.15 6.9+0.03 -9.3+0.1 -19.25+ 0.01 10.0+ 0.1
[Ciomim]Sal
278.15 1.64+0.09 -2.610.1 -26.22+0.03 23.6+0.1
288.15 1.71+0.09 -7.89+0.07 -26.97+0.03 19.08+0.08
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298.15 1.83+0.09 | 0.08+0.01 | -13.15+0.05 -27.54+0.04 14.39+0.06
1.89°
1.591
308.15 2.04+0.09 -18.41+0.07 -27.94+0.04 9.52+0.08
318.15 2.33+0.09 -23.740.1 -28.16+0.04 4.5+0.1
[C14m|m]C|
278.15 4.1+0.2 10.25+0.08 | -19.025+0.003 | 29.28+0.08
288.15 3.8+0.2 5.09+0.05 -19.985+0.002 | 25.07+0.05
298.15 3.7+0.2 0.386+ -0.08+0.04 | -20.767+0.001 | 20.69+0.04
3.40+0.07° | 0.008 -0.5+0.3¢
3.45°
308.15 3.8+0.2 5.24+0.05 |-21.375+0.002 | 16.13+0.05
318.15 4.1+0.2 -10.41+0.08 | -21.816+0.004 | 11.41+0.08
[Clsmlm]C|
288.15 0.93+0.05 3.04+0.08 -24.81+0.04 27.85+0.08
298.15 0.930.05 | 0.42+0.01 -3.04+0.07 -25.67+0.04 22.63+0.08
0.99
308.15 0.98+0.05 -9.13+0.08 -26.33+0.04 17.20+0.09
318.15 1.07+0.05 -15.21+0.09 -26.79+0.05 11.640.1

*Units: cmc, mmol kg™; Ay H®, A,G®, TA,,S®, kI:mol™.
®The reported errors correspond to the precision of the experimental data and the fitting

procedure assuming the proposed model is correct.
‘From conductivity measurements, some values are taken from ref. [11]

9 ref, [12]
*ref. [13]

" From surface tension measurements, some values are taken from ref. [11]

9From UV-Vis spectroscopy in ref. [11]

4 Nref, [14]
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Table S2. Coefficients of polynomials cmc =A+ BT + CT%.

A B 10°-C
[C1omim]ClI 1152.27 -7.08185 11.46
[C1,mim]CI 286.4849 -1.79154 2.9570
[C1,mim]Br 189.4947 -1.22603 2.1000
[Comim]I 59.14728 -0.40257 0.74286
[C12mim]OAC 463.1606 -2.87050 4.6143
[C1,mim]OMs 370.868 -2.32198 3.7929
[C1omim]OTs 53.95552 -0.35234 0.60714
[C1,mim]OTf 46.66583 -0.30675 0.53571
[C1omim]TFA 147.1805 -0.93416 1.5500
[C1omim]Sal 30.38843 -0.20864 0.37857
[C1smim]CI 79.62678 -0.51011 0.85714
[C1smim]ClI 20.20205 -0.13172 0.22500

2 Units: T/K; A/mmol kg™, B/mmol kg*-K™; C/mmol kg*-K
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