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Example of raw signal during isothermal titration calorimetry
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Figure S1. Raw signal (heat flow, q) as a function of time, t, with subtracted baseline as
obtained from the VVP-ITC microcalorimeter for [C1oMesN]*[Cs] at 298.15 K. Each peak

corresponds to the heat effect at the addition of 3 pL surfactant solution.
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Densities of investigated systems

Experimental values of densities of water solutions for all studied systems in the temperature
range between 278.15 and 328.15 K are presented in Figure S1 and Table S1.

Table S1. Concentrations, m, and densities, p, of prepared solutions of studied systems between
278.15 and 328.15 K.

m/ plkg-dm
mol-kg? solution | 278.15 K | 288.15 K | 298.15 K | 308.15 K | 318.15 K | 328.15 K
[CeMesN] [Cio]
0.029970 0.996548
0.075187 0.995444
0.099260 0.994812
0.147274 0.993558
0.199098 0.992201
0.249580 0.990884
0.445961 0.991456 | 0.989068 | 0.985834 | 0.981893 | 0.977340 | 0.972249
0.521610 0.984706
1.073622 0.971420
[CsMesN] [Cio]
0.015037 0.996732
0.030628 0.999471 | 0.998435 | 0.996258 | 0.993154 | 0.989267 | 0.984693
0.076751 0.998297 | 0.997098 | 0.994795 | 0.991590 | 0.987621 | 0.982980
0.099199 0.994094
0.150020 0.992476
0.198922 0.991123
0.200449 0.990870
0.209017 0.994907 | 0.993269 | 0.990614 | 0.987128 | 0.982936 | 0.978121
0.248579 0.988996
0.496429 0.982120
0.589536 0.979202
[CsMesN][Cs]
0.029985 0.996558
0.05001 0.996253
0.059992 0.996068
0.075474 0.995620
0.098044 0.995031
0.149920 0.993662
0.199810 0.992329
0.249286 0.991032
0.552238 0.989435 | 0.986628 | 0.983075 | 0.978885 | 0.974136 | 0.968884
0.681490 0.98060
1.072229 0.97060
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Table S1. continued

m/ plkg-dm™
mol-kg? solution | 278.15 K | 288.15 K | 298.15 K [ 308.15 K | 318.15 K | 328.15K
[C1oMesN]*[Cuo]
0.001025 0.999959 | 0.999082 | 0.997020 | 0.994003 | 0.990183 | 0.985661
0.002016 0.999940 | 0.999062 | 0.997003 | 0.993982 | 0.990155 | 0.985629
0.003039 0.999930 | 0.999046 | 0.996978 | 0.993960 | 0.990131 | 0.985602
0.005059 0.999900 | 0.999006 | 0.996931 | 0.993899 | 0.990064 | 0.985533
0.010112 0.999778 | 0.998850 | 0.996751 | 0.993706 | 0.989864 | 0.985324
0.015176 0.999638 | 0.998690 | 0.996580 | 0.993522 | 0.989667 | 0.985120
0.020265 0.999491 | 0.998523 | 0.996397 | 0.993327 | 0.989462 | 0.984908
0.030324 0.999231 | 0.998215 | 0.996053 | 0.992952 | 0.989065 | 0.984493
0.040197 0.998876 | 0.997823 | 0.995628 | 0.992507 | 0.988603 | 0.984019
0.050189 0.995259
0.073087 0.997875 | 0.996704 | 0.994418 | 0.991216 | 0.987248 | 0.982614
0.080077 0.994291
0.097971 0.993296
0.104362 0.996848 | 0.995580 | 0.993250 | 0.989998 | 0.985969 | 0.981288
0.119851 0.992880
0.120727 0.996368 | 0.995097 | 0.992700 | 0.989389 | 0.985332 | 0.980624
0.124281 0.996230 | 0.994955 | 0.992535 | 0.989243 | 0.985180 | 0.980471
0.150377 0.991512
0.188838 0.990485
0.200935 0.989638
0.249329 0.987844
0.295139 0.990888 | 0.989064 | 0.986253 | 0.982573 | 0.978205 | 0.973251
[CioMesN]*[Ce]
0.030382 0.999488 | 0.998446 | 0.996264 | 0.993159 | 0.989269 | 0.984694
0.075919 0.998322 | 0.997118 | 0.994812 | 0.991607 | 0.987639 | 0.983000
0.101085 0.994094
0.149685 0.992473
0.199758 0.990860
0.207720 0.994890 | 0.993247 | 0.990591 | 0.987107 | 0.982916 | 0.978102
0.249732 0.989264
[Ci0MesN]*[Ce]
0.029174 0.999665 | 0.998687 | 0.996540 | 0.993450 | 0.989562 | 0.984981
0.073437 0.999118 | 0.997855 | 0.995515 | 0.992291 | 0.988307 | 0.983658
0.097474 0.998626 | 0.997275 | 0.994872 | 0.991598 | 0.987576 | 0.982896
0.133544 0.997882 | 0.996414 | 0.993920 | 0.990571 | 0.986489 | 0.981763
0.195111 0.996580 | 0.994915 | 0.992263 | 0.988791 | 0.984612 | 0.979805
0.243846 0.995593 | 0.993778 | 0.991006 | 0.987436 | 0.983181 | 0.978318
0.440527 0.991474 | 0.989047 | 0.985788 | 0.981831 | 0.977267 | 0.972160
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Figure S2. Densities of water solutions for [CxMesN]*[Cy] at 298.15 K. Lines represents the
polynomial fits by eq. (i) using coefficients from Table S2.

In the specified concentration range the measured densities of studied systems were fitted to eq
I,

p(T,m) =a(m)m* +b(T)m+ p, o(T) (i)

where m is the concentration in mol of surfactant per kg of the solution. The coefficients a(T)
and b(T) for all investigated systems at all temperatures are given in Table S2 and Figure S2
together with the literature data for density of water, pn,0.!

For ITC experiments eq i was used to calculate the densities of solution in the titration cell after
each addition of stock solution.
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Table S2. Densities of water! and coefficients a and b in eq i for [CxMesN]*[C,] used to convert
concentration scale in the range between 0 and Mmax.

T/ szo/ Mmax/ al b/
K kg-dm- mol-kg™ | kg®mol2-dm? | kg?molt.dm?
[CsMesN][Cw] | 0.21 -0.02490 20.01902
[C1oMesN]'[Cx] | 0.10 20.08830 20.02066
278.15 | 0.999964 0E MesNT[Csl | 0.20 20.02777 20.01869
[CioMesNIF[Ce] | 0.44 -0.01154 20.01434
[CsMesN]*[Cio] | 0.21 20.01849 20.02406
[C1oMesN]'[Cio] | 0.10 -0.07109 20.02633
288.15 | 0999101 1=re MesNT[Cel” | 0.20 ~0.02068 20.02391
[CioMesNI[Ce] | 0.44 -0.00859 20.01916
[CsMesNT[Cio] | 0.45 20.00528 20.02288
[CsMesNI*[Cio] | 0.25 20.01887 20.02732
[CeMesNJ*[Cs] | 0.55 -0.00657 20.02174
298.15 | 0.997043 =re MesNJF[Cuo | 0.10 ~0.06094 20.03000
[CioMesN*[Ce] | 0.25 -0.01152 20.02849
[CioMesN]T[Ce| | 0.44 -0.00691 -0.02261
[CsMesN][Cwo] | 0.21 -0.01239 20.03048
[C1oMesN]'[Cio] | 0.10 -0.04286 20.03436
308.15 | 0.994036 e MesNT[Csl | 0.20 20.01382 20.03050
[CioMesNI*[Ce] | 0.44 -0.00566 20.02530
[CsMesN]'[Cio] | 0.21 20.01058 20.03265
[C1oMesN]'[Cio] | 0.10 -0.04518 20.03602
318.15 | 099022 1=rE MesNT[Cel” | 0.20 -0.01185 -0.03272
[C1oMesNI*[Ce] | 0.44 20.00476 20.02738
[CsMesN][Cwo] | 0.21 -0.00916 20.03436
[CioMesNT[Cio] | 0.10 -0.04277 -0.03782
328.15 | 098570 1=re MesNT[Csl | 0.20 -0.01044 20.03442
[C1oMesNI*[Ce] | 0.44 20.00407 20.02901
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Figure S3. Coefficients a and b in eq i of [CxMe3N]*[C,] in the concentration range of the
solution as presented in Table S2.
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Figure S4. Concentration dependence of the apparent molar volumes, V4, of aqueous
solutions for [CxMesN]*[Cy] at 298.15 K.
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Calculation of nh®(S)

To estimate the maximum number of water molecules around the cation and anion monomers
of surfactant in a single layer, n,%(S),2 first the radii of water molecule and surfactant cation and
anion are approximated assuming they are spherical from their corresponding molar volume of
water, Vim(H20) = 18.069 cm? mol™, and apparent molar volume of free monomers, V,m",

r =3 3V¢ : r, =3 3\/m(HZC))
" =48z, 47N,
(if)

nnY(S) is calculated according to eq iii.

N (S) = 47 [(Nyoy + ) /1, ] 13 (iii)
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List of the symbols used in the data analysis

General

Vs

Thermodynamics

n
N2
A|\/|,1He

Am2H®
Am1G®
Am2G®
Am1S°
Awm2S°
Am,1Cp?
Awm,2Cp°

ct
A

Cn Apny
CnZAﬂnz(l-ﬂ)n2+

B

Km,1
Km,2
Nsol
Nc
NA
Nm,1
nm,2
Xc

total molar surfactant concentration

total surfactant concentration in mol per kg of solution
total surfactant molality (mol per kg of solvent)

mass of solvent (water)

total amount of surfactant

temperature

molar gas constant

molar mass

density

apparent molar volume

aggregation number for the first step in the two-step model

aggregation number for the second step in the two-step model

standard molar enthalpy of micellization for the first step in the two-step
model

standard molar enthalpy of micellization for the second step in the two-
step model

standard molar Gibbs free energy of micellization for the first step in the
two-step model

standard molar Gibbs free energy of micellization for the second step in
the two-step model

standard molar entropy of micellization for the first step in the two-step
model

standard molar entropy of micellization for the second step in the two-step
model

standard molar heat capacity change upon micellization for the first step in
the two-step model

standard molar heat capacity change upon micellization for the second
step in the two-step model

cations

anions

micelles with aggregation number ny (first step)

micelles with aggregation number n, (second step)

the fraction of (in micelle) incorporated co-ions (for the second step in the
two step model)

apparent equilibrium of the first step

apparent equilibrium of the second step

amount of solvent (water)

amount of cations

amount of anions

amount of micelles with aggregation number n1 (first step)

amount of micelles with aggregation number nz (second step)

molar fraction of cations
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XA
XM,1
XM, 2
2N
H

Ho
Hstock

Hool
Hec
Ha
Hwa
Huw.

Hca
H ma2
—0

H index

Bca'
Bwm,2'
Navg
Pavg
a

DRS

s
2

|4
&
&
T

=

Si

Cs3, Csa4

Rt3, Ru
Zs3, Zsa

Cb

Cw
Z

ZmOFI

M M
ZsB y Zs4

zM

molar fraction of anions

molar fraction of micelles with aggregation number n1 (first step)
molar fraction of micelles with aggregation number n> (second step)
sum of amounts of species

enthalpy of solution; enthalpy of solution after addition

enthalpy of solution before addition

enthalpy of stock solution

partial molar enthalpy of solvent (water)

partial molar enthalpy of cations
partial molar enthalpy of anions
partial molar enthalpy of micelles with aggregation number n; (first step)

partial molar enthalpy of micelles with aggregation number n (second
step)
partial molar enthalpy of cations/anion pairs

partial molar enthalpy of micelle/couterion pairs for the second step
standard molar enthalpies

temperature derivative of Guggenheim’s coefficient Bca for cation/anion
pairs

temperature derivative of Guggenheim’s coefficient Bm2 micelle/couterion
pairs for the second step

average aggregation number at a given total concentration of surfactant
and temperature

the fraction of (in micelle) incorporated co-ions at a given total
concentration of surfactant and temperature

fraction of surfactant in micelle form

frequency

relative permittivity

dielectric loss

relaxation time of mode j

amplitude of mode j

molar concentration of water molecules slowed down in their dynamics
factor by which water molecules are slowed down in their dynamics
number of water molecules per ion of surfactant slowed down in their
dynamics

bulk water concentration determined from modes 5 and 6

analytical water concentration

effective total hydration number of surfactant in solution

number of water molecules per monomer of free surfactant slowed down
in their dynamics

number of water molecules per ion pair of surfactant in a micelle slowed
down in their dynamics

effective total hydration number of a micelle per ion pair of surfactant
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Thermodynamics of micellization

Calculating amounts of species at given total concentration of surfactant

Two-step micellization model in the case of positively charged micelles can be represented with
two equilibra

nC"+n A =22C A, (iv)
nC + A, A e=2=2C, A, G V)

where C* represents the free cations, A™ the corresponding free anions, and Cn,An, and Cn,Ag,"
Ana* stand for the micelles (M,1 and M,2) with aggregation numbers ni and n,. The first step

micelles are neutral while the second step includes the fraction of (in micelle) incorporated co-
ions, B. If the micelles are negatively charged the anion and cation exchange roles thus the same
model can be applied in both cases keeping in mind the reverse role of the cation and anion.
The equilibria between the involved species can be expressed by apparent equilibrium
constants, Km1 and Kz,

— aM,l _ XM,l - K
Dol My 7L
Acdy X Xa

_ vz Xwe (vi)
n, 5 AN n, \, An 7,2
asa,’  XZXy?

M1 M2~

where activities are approximated by the molar fractions of species assuming K, 1 =1 and K, >
= 1. The values for Km,1 and Kwm,2 are obtained from standard molar Gibbs free energies of
micellization, Am1G® and Am 2G?,

RT RT ..
AMJGG = -n—ln Kle; AM,ZGG = -n—ln KM,Z (V")

1 2

and determine composition of each species at given total concentration of surfactant, c.
Knowing the total mass, m, and density, p, of solution, mass of solvent, msa, is calculated
fallowed by amount of solvent, nso, and total amount of surfactant, ns, from the molar mass of
solvent and surfactant. Introducing the sum of amounts of species, Y ni,

> =ng+2ng+(1-2n,)n,, +(1-(1+8)n,)n,,, (viii)

the amounts of free cations, nc,
Ne=Ng- NNy .- NNy, (ix)

and free anions, na,
Ny =Ng- NNy ;- An,ny, )
enables the transformation of eq vi into two equations
2n-1
M1 (nsol +2ng+ (1'2n1) Nyt (1' (1+IB) n, ) Ny.2 )

' (xi)
(ns ULV ALV )nl (ns 'n1nM,1'ﬁnan,2 )nl

KM,1=

(1+8)n,-1
M2 (nsol +2ng+ (1’2n1) My ¥ (1' (1+ﬂ) n, ) M2 )

Ky,= - (xii)
5 2 ﬁ”z
(ns'nlnM,l'nan,z) (ns'nlnM,l':annM,z)
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with two unknown variables, nm,1 and nm2. This system of two equations cannot be solved
analytically. Therefore, the tangent method was used to find the solution numerically.

Enthalpy of solution

Knowing all the amounts of species in added titrant and cell before and after its addition
theoretical enthalpy of solution is calculated. Enthalpy of solution can be defined in two ways:
with enthalpies of ions

H=n,Haw+ncHc+n,Ha+n,, Hui+n,,Huo (xiii)

sol

and enthalpies of ion pairs
H=n,Hs +n,,Heca+ny, Hmaitny,,Hwvaz (xiv)

where indexes “sol”, “CA” and “MA,2” denote solvent, surfactant monomers in form of ion
pairs and micelle/counterion pairs respectively. Although the enthalpies of ion pairs are
different from the values for ions, the amount of the free cations, nc, is equal to amount of
cation/anion pairs, nca, and the amount of micelles, nm2, is equal to amount of cation/micelle
pairs, nma2. Thus, defining enthalpy of solution with ion pairs is only required to introduce
Guggenheim approximation® which is used to calculate enthalpies of ion pairs

Hea = Hea + 2RT2BL,bes (xv)

Huwaz = Huaz +(1+ (1- )N, ) RT By on » (xvi)

in which Bca' and Bwm,2' are the temperature derivatives of Guggenheim’s coefficients Bca and
Bwm,2, whereas, bca and bm,2 are molalities of surfactant in the form of ion pairs of free monomers
with counterions and of micelles with counterions, respectively. This correction is required to
account for the enthalpy of dilution (slopes of the curves before and after cmc). In the
enthalpogram this is most noticeable below cmc where the curve without this correction would
be flat as is often the case for non-ionic surfactants. By combining standard molar enthalpies
of micellization, Am1H® and Am2H®,

1 J— — .
AM’IHe :—HGMA,l'H?:A (xvii)
1
Ay,H’ = = Hwaz-Hea (xviii)

2
with egs xiv-xvi the enthalpy of solution is obtained
H = nsol
RT? (1+ (1' ﬂ)nz ) Bl'w,sz,an,z

Heol + nsﬁecA +nn,,,A,,H® +n,n,,A,,H® +2RT*B,b.n. + (i)
o o Xix

which can be applied in micellization studies by any calorimetric experimental method.
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ITC enthalpy change

Heat changes measured with ITC are contributions of three enthalpies divided by the total
surfactant amount added, ns stock;

AHo_4 _H-H-H
n

stock (XX)

n

S,stock S,stock

enthalpy of stock solution, Hstock, and enthalpies of solution in cell before, Ho, and after addition,
H. By using eq xx for each enthalpy and combining it with eq xxi, heat change after an addition
of stock solution can be expressed as

Nn.,,- N N.-Ng - N —0
sol,0 S S,0 S,stock H ca+
n n

'sol,stock ﬁe +
S0

AH = No -

S,stock S,stock

n,,-N -Nn Ny, ,-N -Nn .
n]_ M,1 M,1,0 M,1,stock AleHe+n2 M,2 "'M,2,0 ' 'M,2,stock AM’ZHO‘F (XXl)

nS,stock nS,stock

ZB' bc Ne- bc,o nc,o - bC,stock nC,stock
CA

RT 2 nS,stock

. b,.n,.-b,, N, .-b n
(1+(1'ﬂ) nz) BM’2 M,2" 'M,2 M,2,0 rl;/I,Z,O M,2,stock ' "M, 2,stock

+

S,stock

First two terms in eq xx are equal to zero because total amount of solvent and surfactant in the
titration cell after the addition is the same as sum of amounts before the addition and the addition
itself. Replacing molalities, bi, by
n. .
b=—- (xxii)
m

sol

and defining the changes in amount of micelles, Anm,1/An and Anm2/An, as

An n,,-n -n
M1 _ n, M1~ 'M1,0 ~ M, stock (xxiii)
An nS,stock
An n,,-n -n .
M2 _ N, M,2 = "'m,2,0 7 ''M,2,stock (XXIV)
An n

S,stock

eq xxii reduces into its final form

An An RT2 .. (n? nZ, ni
AH — AM,l AMllHe_i_ AM,2 AM’ZHG"' ZBCA Cc _ C,0 _ C,stock +
n n S,stock sol msoI,O msol,stock (XXV)
RT2 ' nl%/l,z nﬁA,z,o nl%/l,z,stock
—BM,z (1+(1'ﬂ)n2) B B
S,stock sol sol,0 msol,stock
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Global analysis

In the global analysis of ITC experiments the Kirchoff's law
Ay H' =Ay Hy +A,.6(T-T)) (xxvi)

Ay,H’ :AM,ZH‘(I?, +Ay2Co (T-T,) (xxvii)

and the integrated Gibbs-Helmholtz equation
AuiG’ =T[AysGL I T +AyHY (T =1/ T)+Ay o (1=T, / T=In(T /T,)) | (xxviii)

AusG’ =T Ay,GL T+ Ay Hy (1/ T =1/ T, )+ Ay 0o (1-T, / T =In(T / T,)) | (xxix)

are used, where Am1G1® and Am2Gr® are the standard Gibbs free energy and AmiHm® and
Am2HT are the standard molar enthalpy of micellization at reference temperature T, for steps
1 and 2. Standard molar heat capacities of micellization for first and second step, Am 1% and
Am2¢p?, were taken as temperature independent in the examined temperature range because the
attempt to introduce their linear dependence on temperature has resulted in less temperature
dependence than the inaccuracy of reference values themselves. Moreover, Bca' and Bu 2 were
assumed to be linearly depended with temperature introducing

BICA,T = BICA,Tr + BE:A (T 'Tr) (Xxx)

Byt = BM,Z,Tr +By2 (T 'Tr) (xxxi)

Bca" and Bm 2" as the slopes and Bca 1 and Bwm 2,7+ Values at reference temperature Tr. From the
eqs Vi, xxvi and xxvii-xxxiii it is evident that the ITC model equations may be described in
terms of n1, n2, B, AM1GT?, Am2GT?, AmiHT?, Am2HT0, Amicp®, Am2co?, and the coefficients
BcaTr', Bm2 1, Bea”, and Bm,2" 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 4
function defined as

72=Y Y (AH - AH™) (xxxii)

where AHi and AH™ represent the experimental and the model enthalpy, whereas fr represents
the correction factor which differs from 1 if error of experimental points at temperature T is
significantly greater. By minimization of »* function best-fit values of the above-mentioned
global parameters were calculated using modified Simplex method which was ran at least 100
times each time from randomly generated starting set of parameters. Values of global
parameters were further used to calculate corresponding parameters for each temperature. The
standard molar entropy of micellization, Am,1S® and Am2S®, associated with the examined
process was obtained from the Gibbs-Helmholtz equation.

AM,lH ’ _A|\/|,1Ge

A, .S’ =
M,1 T

(xxxiii)

AM,zH °— AM,zGe

Ay,S" = :

(xxxiv)
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Modification of the model for the introduction of the bilayer structure

In the case of [C10Me3N]*[C1o] first step was best fitted by a very low aggregation number (1.5)
yet the best fit also revealed low heat capacity change making formation of dimers and trimers
an unlikely explanation. Therefore, the assumption of the formation of bilayers was proposed.
This is achieved by fixing ny in eq iv to 1. Additionally the activity coefficient of bilayer phase
should no longer be assumed to be approximately equal to molar fraction. Therefore, the
coefficient A is introduced

A
X 1 n
KM,lzKB:%; Ve a_A:{ s ] (XXXV)
CA M

which ensures that unlike in the case of the dimer, the formation of bilayers is pre-dependent
on the formation of aggregates. This has a limited effect on the resulting thermodynamics
parameters and could be neglected.
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Isothermal titration calorimetry (ITC)
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Figure S5. Enthalpograms of [CxMesN]*[Cy]". Solid lines represent the fit according to the one-
step (gray) and the two-step model (black) and micelle/bilayer model (purple) for

[C10MesN][Ciq] .
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Table S3. Thermodynamic parameters of micellization for investigated systems in water at all the investigated temperatures for both steps: Standard
molar Gibbs free energies, Am,1G® and Am2G?, enthalpies, Am,1H? and Am2H®, entropies, Am1S? and Am2S°, of micellization, coefficients Bca' and
Bwm,2' (eqgs xii-xiv) and critical micelle concentration, cmc, in water as obtained for the second step by the fitting procedure.?

T Am1G® Am,1H® Am1S° Am2G® Am2H® Am,2S® Bca' Bwm,2' cmc
[CeMesN] [Cio]
278.15 | -29.1+0.3 30.2+1 213 -279+03 | 31.3+0.8 213 0.047 £0.003 | -0.52 £0.08 54+1
288.15 | -31.1+0.3 243+1 192 -29.9+03 | 23.8+0.7 186 0.040 £ 0.003 | -0.39 £0.08 44 +1
298.15 | -33.0+0.3 183+1 172 -316+04 | 16.2+0.6 160 0.033 +£0.003 | -0.26 £ 0.08 37+1
308.15 | -34.6+0.3 124+1 152 -33.1+04 8.7+0.6 136 0.026 +£ 0.003 | -0.14 +0.08 34+1
318.15 | -36.0+0.3 6.5+1 134 -34.3+04 1.2+0.8 112 0.020 £ 0.003 | -0.02 £ 0.08 32+1
328.15 | -37.3+0.3 061 115 -35.3+0.4 -6.3+0.8 88 0.013+0.003 | 0.11+0.08 32+1
[CsMesN] [Cio]
278.15 | -32.7+0.4 3262 235 -322+05 | 320 £04 231 0.064 +£0.006 | -0.44+0.04 | 21.5+05
288.15 | -35.0+0.4 26.4+ 2 213 -343+05 | 238 £04 202 0.055+0.006 | -0.36+0.04 | 17.3+05
298.15 | -37.0+0.4 20.2+2 192 -36.2+05 | 156 £0.4 174 0.047 £0.006 | -0.29+0.04 | 147+05
308.15 | -38.8+0.4 140+2 171 -37.8+0.5 74+04 147 0.037 £0.006 | -0.21+0.04 | 13.5%+05
318.15 | -40.4+0.4 78+2 152 -39.2+05 | -08 £04 121 0.028 £+ 0.006 | -0.14+0.04 | 13.5+05
328.15 | -41.9+04 16+2 132 -40.2+05 | -9.0 £04 95 0.019+0.006 | -0.06 +0.04 | 129+05
[CsMesN][Cs]
278.15 | -27.0+£04 | 349+1.1 222 -25.8+0.8 | 344+0.8 216 0.032 £0.005 | -0.53+0.15 82+3
288.15 | -29.1+04 | 28.0+x1.0 198 -27.8+08 | 25.6+0.8 185 0.027 £ 0.005 | -0.30 £ 0.10 62+1
298.15 | -31.0+04 | 21.2+0.7 175 -295+08 | 16.7+1.0 155 0.023 £ 0.005 | -0.06 +0.07 52+1
308.15 | -32.6+0.4 | 144+05 153 -30.9+0.8 79+1.0 126 0.019+0.005 | 0.17 +0.08 47+1
318.15 | -34.0+0.4 76+05 131 -32.0+£0.8 -1.0+1.2 98 0.014 £ 0.005 | 0.40 +0.15 44 +1
328.15 | -35.2+0.4 0.7+0.6 110 -32.8+0.8 -98+15 70 0.010 £ 0.005 | 0.64 +0.25 43+1

aUnits: T, K; AmG?, AmH®, k-mol?; AnS?, J-K2-mol; Bs', Bm2', kg-Kt-molt; cme, mmol-dm3
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Table S3. continued

T Am,1G® Am,1H® Am,1S® Am2G® Am2H® Am,2S® Bca' Bwm.2' cmc
[C10MesN]*[Cao] P
278.15 -14.8+0.9 316 166 -384+1.2 295209 244 0.08 £ 0.05 -04x0.3 6.6 0.2
288.15 -16.3+0.8 205 128 -40.7+£1.2 20.6 £ 0.7 213 0.07 £ 0.05 -0.1+£0.3 55x0.2
298.15 -174+£0.7 8+4 90 -42.7+1.2 11.7+05 182 0.06 £ 0.05 0.1+0.3 49+0.2
308.15 -18.1+£0.7 -3+4 54 -443+1.2 2.8+£0.6 153 0.06 £ 0.05 04x£0.3 48x0.2
318.15 -185+0.8 -14+£6 19 -45.7+1.2 -6.1+0.8 125 0.05 £ 0.05 0.6+0.3 47+0.2
[C1i0MesN]*[Cs]
278.15 -32.8+£0.6 32.8+£2.0 236 -32.2+04 325+04 232 0.046 £0.009 | -0.39x0.1 22.8+0.3
288.15 -35.0+£0.6 26615 214 -34.3+05 243+04 204 0.041+£0.009 | -0.35x0.1 18.3+£0.3
298.15 -37.1+£0.6 204+15 193 -36.2 £ 0.6 16.2+0.4 176 0.036 £ 0.009 | -0.30x0.1 15.7+0.3
308.15 -38.9+0.6 142+15 172 -37.9+£0.6 8.0x04 149 0.031+£0.009 | -0.25%£0.1 140+£0.5
318.15 -405+05 8.0x15 153 -39.2+£0.6 -01+£04 123 0.027 £0.009 | -0.21x0.1 140+£0.5
328.15 -41.9+04 18+15 133 -40.3+0.5 -8.3+£0.5 98 0.022 £0.009 | -0.16 £0.1 13.9+0.5
[C1i0MesN]*[Ce]
278.15 -29.1+0.5 35.0+£2.0 230 -289+0.5 32405 220 0.033+0.004 | -0.69%0.1 62+1
288.15 -31.2+04 28.7+1.8 208 -31.0+£05 253205 195 0.031+£0.003 | -056x0.1 50+1
298.15 -33.2+04 224+15 187 -32.8+0.5 18.3+0.5 171 0.028 £0.003 | -0.43x0.1 43+1
308.15 -35.0+£04 16.1+£15 166 -34.4+£05 11.2+05 148 0.026 £0.003 | -0.29%0.1 381
318.15 -36.5+0.3 98+15 146 -36.8+0.4 41+£05 126 0.023+£0.003 | -0.16£0.1 36+1
328.15 -37.9+0.3 3515 126 -36.9+0.4 -29+0.5 104 0.021+0.004 | -0.02+0.1 35=+1

aUnits: T, K; AmG®, AmH®, k3-mol?; AnS®, J-K2-mol; Bea', Bum2', kg-K*-mol*; cmec, mmol-dm
®Bilayer structure; coefficient A = 0.03 + 0.02
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Table S4. Aggregation numbers, n; and n, as defined in eq iv, combined aggregation numbers of cations and anions, Nagg1 and Nagg,2, Standard
molar heat capacities of micellization, Am1¢,° and Am2¢,°, for both steps, fraction of (in micelle) incorporated co-ions for the second step, 3, and
second temperature derivatives, Bca", and Bm 2", (egs xxviii and xxix) for investigated systems in water as obtained by the fitting procedure of the
two-step micellization model.2

n1 Nagg,1 Am,1¢p° B n2 Nagg,2 Am,2¢p° Bca" Bm,2"
[CoMesN]'[Cu | 11+2 | 21+4 | 590440 | 088+003 | 14+2 27+4 | 750+40 | 0.6+02 | 12+10
[CsMesN] [Cao] 11+£2 22+4 -620+70 | 0.89+£0.02 15+1 29+2 -820 + 30 -09+£0.3 7+4
[CsMesN][Cs] 9+1 18+ 2 -680+40 | 0.87 £0.07 13+2 23+4 -880 + 40 -04+£0.2 23+9
| 15x15 3+3 -900 £ 200 | 0.99 £0.20 19+3 38+6 -920 + 100 -0.7+£0.7 25+ 20
[C10MesN]*[C1o] . .

1 2 -1100 + 100 | 0.92 £ 0.06 18+ 2 36+4 -890 + 30 -0.7+£0.7 25+15

[C10MesN]*[Cs] 12+1 25+2 -620+70 | 0.89+0.02 16+1 31+£2 -820 + 30 -05+04 7+5
[C10MesN]*[Ce] 18+2 36+4 -630+£60 | 0.93+0.03 23+3 44 + 6 -710+ 20 -0.2+£0.2 13+9

aUnits: Amcp?, J-K :molt; Bea", Bm2", g-K2mol+?
PFixed to represent bilayer structure
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Figure S6. Concentration dependence of a) fraction of surfactant ions bound in micelles, «, b) the average aggregation number, nayg, and c) the
average fraction of incorporated co-ions, Savg, for 1) [CsMesN]*[Cio]", 2) [CsMeaN]*[C1o] and 3) [CsMesN]*[Cs]” at investigated temperatures as
estimated by using eqs 12-14.

S20



1.0 : 1.0 1.0
1a) I mlcelles‘ o ® 23) I s 3a) I s
0.8} ] 0.8} 0.8}
0.6 0.6 0.6
3 I . 3 I 3 I
0.4 [C. Me N]'[C. T 0.4 T/IK 0.4 Frm -
! s 10 : m 278.15 i [CloMesN] [Ce]
0.2 0.2 288.15 0.2
] bilayers - a I
0.0 _ PP SR BT la 0.0 _ AT PR BT B 29815 0.0 _ 1 1
1b) 44 ¢ 2b) 44 F 308.15 3b) 44 f 3
: 3 ¢ 318.15 E <
e i micelles 40 : < 328.15 40t
36 ) & 36 F 36§
28 F T/IK 28 F < 28 | m 278.15
24 | = 278.15 24 | . 24 | 288.15
20 F . gg;ig 20 F [CloMesN] [Cs] 20 | . 532'15
s . s s 15
19 T 30815 e 3c) 16 | s 31815
i ¢ 318.15 <« 328.15
1.0 b
o 2 2 <
o’ Y Py . =’ < =N t
0.9
0.8 N 1 N 1 N 1 N 1 N 1 N 0.8 e by by s by s s Ly 1 1
0O 20 40 60 80 100 120 0 50 100 150 200 250 200 400 600
¢/mmol dm’ c/mmol dm™ c/mmol dm™

Figure S7. Concentration dependence of a) fraction of surfactant ions bound in micelles, «, b) the average aggregation number, nayg, and c) the
average fraction of incorporated co-ions, Bavg, for 1) [C1oMesN]"[C10]", 2) [C10MesN] [Cs]  and 3) [C10MesN] [Cs] at investigated temperatures
as estimated by using eqs 12-14.
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Water accessible surface area (WASA)

AMC?] (th) = 8.~AA1p +b- A'Ab (Xxxvi)

In the literature, a variety of values for a and b coefficients may be found,*® but in many
applications for proteins®, they give very similar results. Assuming a = (-1.34 + 0.33) J-mol™-
K1 A2 for this coefficient® in eq. xxxvi, the values of Amc,®(th) in Table S7 are obtained.

Table S5. Loss of water accessible nonpolar surface, AAnp, and theoretical values of the heat capacity
change upon micellization, Amcy®(th), in dependence of the number of carbon atoms in the alkyl chain,
n.?

n AAnp AMCpe(th)
2 118 -158 £ 39
3 148 -198 + 49
4 178 -239 £59
5 208 -279 + 69
6 238 -319+79
7 268 -359 + 88
8 298 -399 + 98
9 328 -440 + 108
10 358 -480 + 118
11 388 -520 + 128
12 418 -560 + 138
13 448 -600 + 148
14 478 -641 + 158
15 508 -681 + 168

aUnits: AAnp, Az Amcp®, J-K L-mol?

To obtain the theoretical values of the heat capacity change, Amcp®(th), for the studied
catanionic surfactants both alkyl chains on the cation (n = x) and anion (n =y — 1, one carbon
atom forms the -COOQO" headgroup) are summed resulting in following values:

Amcp®(th)/ J-K 1.mol?
[CeMesN] [Cao]
[CsMesNJ[Cs] 759 + 137
[CioMesN]*[Ce]
[CsMesN][Cio]
[C1oMesN] [Cs] 839 £ 147
[C10MesN]*[Cuo] -920 + 160
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Dielectric relaxation spectroscopy (DRS)

Table S6. Concentrations, c, of the surfactant solutions investigated with DRS and associated relaxation parameters (static permittivity, &, high-
frequency permittivity, &, amplitudes, Sj, and relaxation times, g, of the resolved modes j = 1...6) obtained with the 6D model (5D model for 30

mmol dm solutions), densities, p, electrical conductivities, x, and value of the reduced error function, y?.2

c | e || Si|a|lS|[n]|S| oS | a|S | ]S | o | p | & |2
[CeMesN] [Cio]
29.87 81.10 | 352 | 1.47 | 6280 1.73 | 252 | 2.15 | 18.7 | 68.09 | 8.14 | 2.15 | 0.278 0.996548 | 0.1215° | 0.029
74.84 87.14 | 352 | 3.58 | 9570 | 4.08 | 974 | 3.04 | 200 | 5.86 | 18.7° | 64.92 | 8.14 | 2.14 | 0.278 0.995444 0.192¢ | 0.037
98.75 87.16 | 352 | 2.69 | 5340 | 6.31 | 766 | 3.15 | 146 | 3.33 | 16.0 | 65.71 | 859 | 246 | 0.278 0.994812 0.2245 | 0.019
146.33 | 90.69 | 3.52 | 2.68 | 4080 | 10.27 | 801 | 4.24 | 159 | 4.98 | 20.6 | 6254 | 843 | 2.46 | 0.278 0.993558 0.258¢ | 0.031
19755 | 96.99 | 3.52 | 530 | 7040 | 15.06 | 821 | 5.27 | 146 | 13.17 | 154 | 5257 | 7.89 | 2.09 | 0.278 0.992201 0.310° | 0.040
247.31 | 101.40 | 3.52 | 6.32 | 9530 | 18.72 | 867 | 6.63 | 160 | 11.56 | 17.3 | 5258 | 8.06 | 2.07 | 0.278 0.990884 0.347¢ | 0.048
[CsMesN] [Cao]
98.61 88.87 | 352 | 548 | 2930 | 5.71 | 778 | 3.04 | 172 | 1.79 | 239 | 66.86 | 8.49 | 248 | 0.278 0.994094 0.0908 | 0.043
148.89 | 96.24 | 3.52 | 7.69 | 5450 | 10.68 | 1090 | 5.02 | 214 | 4.44 | 23.9° | 62.71 | 8.24 | 2.18 | 0.278 0.992476 0.100¢ | 0.028
198.62 | 100.76 | 3.52 | 10.81 | 4400 | 13.46 | 943 | 6.01 | 187 | 4.92 | 219 | 59.74 | 8.36 | 2.31 | 0.278 0.990870 0.112¢ | 0.038
245.84 | 103.83 | 3.52 | 13.10 | 3620 | 15.78 | 855 | 6.67 | 169 | 8.19 | 176 | 54.34 | 819 | 2.23 | 0.278 0.988996 0.123¢ | 0.037
[CBME3N]+[CB]'
29.88 80.91 | 352 | 1.67 | 11360 182 | 199 | 226 | 178 | 69.05 | 8.31 | 2.26 | 0.278 0.996558 0.100¢ | 0.035
75.14 83.75 | 3.52 | 2.00° | 5970 | 1.87 | 878 | 3.78 | 183 | 4.96 | 17.8° | 65.28 | 8.36 | 2.34 | 0.278 0.995620 0.210°¢ | 0.021
97.56 85.85 | 352 | 2.31 | 5490 | 4.08 | 779 | 446 | 152 | 3.30 | 16.0 | 65.65 | 8.63 | 252 | 0.278 0.995031 0.2281 | 0.023
148,97 | 90.17 | 352 | 268 | 2690 | 8.37 | 835 | 5.82 | 163 | 4.63 | 19.1 | 62.73 | 856 | 2.41 | 0.278 0.993662 0.223¢ | 0.027
198.28 | 96.90 | 3.52 | 456 | 4350 | 1352 | 914 | 7.34 | 172 | 8.43 | 18.0 | 57.46 | 8.25 | 2.08 | 0.278 0.992329 0.228¢ | 0.029
247.05 | 101.68 | 3.52 | 6.33 | 3250 | 17.21 | 896 | 854 | 172 | 1215 | 17.2 | 5195 | 802 | 1.98 | 0.278 0.991032 0.231¢ | 0.036

aUnits: ¢, mmol dm3; 7, ps; p, kg-dm™3; «, S m*?
bParameter fixed in the fit.
Estimated from fitting the spectra
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Table S6. continued

c | e Jlet]l Si |l al S |olS]al S| alS | s]S| » p K X
[C1oMesNT*[Cuo]
49.95 84.81 | 352 | 3.91 | 6190 | 3.19 | 934 | 1.06 | 152 | 5.63 | 154 | 65.30 | 8.02 | 2.20 | 0.278 0.995259 0.027¢ | 0.025
97.31 86.74 | 352 | 462 | 3580 | 6.07 | 752 | 2.49 | 123 | 1.30 | 16.5° | 66.21 | 8.49 | 2.53 | 0.278 0.993296 0.0307 | 0.034
14954 | 9121 | 352 | 6.78 | 3800 | 892 | 926 | 3.79 | 183 | 840 | 16,5 | 5754 | 7.93 | 2.25 | 0.278 0.994452 0.040° | 0.040
198.85 | 95.89 | 3,52 | 811 | 4610 | 12,57 | 1100 | 5.77 | 212 | 830 | 18.7 | 5545 | 7.93 | 2.17 | 0.278 0.989638 0.046° | 0.047
246.30 | 97.80 | 3.52 | 948 | 3460 | 14.37 | 1050 | 6.80 | 209 | 9.46 | 186 | 51.99 | 7.93 | 2.19 | 0.278 0.987844 0.054°¢ | 0.056
[CioMesN]*[Cs]
100.49 | 88.87 | 352 | 578 | 2940 | 6.16 | 721 | 281 | 129 | 1.85 | 16.8 | 66.68 | 852 | 2.49 | 0.278 0.994094 0.0798 | 0.062
148.56 | 95.86 | 3.52 | 8.30 | 4010 | 10.21 | 947 | 473 | 171 | 7.74 | 16.8° | 59.27 | 8.05 | 2.09 | 0.278 0.992473 0.085¢ | 0.039
19793 | 101.38 | 3.52 | 11.51 | 3860 | 13.56 | 916 | 5.96 | 171 | 840 | 17.2 | 56.34 | 8.06 | 2.10 | 0.278 0.990860 0.085¢ | 0.037
247.05 | 107.13 | 3.52 | 1490 | 3840 | 16.88 | 915 | 7.04 | 170 | 11.09 | 16.4 | 5157 | 790 | 2.14 | 0.278 0.989264 0.092¢ | 0.044

aUnits: ¢, mmol dm3; g, ps; p, kg-dm™3; «, S m*!
bParameter fixed in the fit.
‘Estimated from fitting the spectra

S24




40

[CMeNI'[C, |

30 mmol dm™

0.01 0.1 1 10 100

40

[C,MeNI'[C, T

75 mmol dm™

0.01 0.1 1 10 100
vIGHz
40

[CMe,NI'[C, J

100 mmol dm™

0.01 0.1 1 10 100
vIGHz

Figure S8. Dielectric loss, &’’(v), spectrum () of 30, 75 and 150 mmol dm= aqueous
solutions of [CsMesN]*[Cio] at 298.15 K. The lines show the fit with the 6D model (5D
model for 30 mmol dm solution); the shaded areas indicate the contributions of the resolved
modes j=1...6.

S25



40

[CMeNI'[C, I

150 mmol dm

0.01 0.1 1 10 100
vIGHz
40

[CMe,NI'[C, I

200 mmol dm™

0.01 0.1 1 10 100
vIGHz
40

[CMeNI'[C, |

250 mmol dm”™

0.01 0.1 1 10 100
vIGHz

Figure S9. Dielectric loss, &’’(v), spectrum (®) of 150, 200 and 250 mmol dm aqueous
solutions of [CsMesN]*[Cio] at 298.15 K. The lines show the fit with the 6D model; the
shaded areas indicate the contributions of the resolved modes j=1...6.
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Figure S10. Dielectric loss, &”’(v), spectrum () of 100, 150, 200 and 250 mmol dm3 aqueous solutions of [CsMesN]*[C1o]” at 298.15 K. The lines
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show the fit with the 6D model; the shaded areas indicate the contributions of the resolved modes j=1...6.

S27




40

[C,Me N]'[C.T

30 mmol dm™

0.01 0.1 1 10 100
vIGHz
40

[C,Me,NI'[C,]

75 mmol dm®

0.01 0.1 1 10 100

40
[C.Me,NI'[C,I

100 mmol dm”

0.01 0.1 1 10 100
vIGHz

Figure S11. Dielectric loss, &’’(v), spectrum () of 30, 75 and 150 mmol dm= aqueous
solutions of [CsMesN]*[Cs] at 298.15 K. The lines show the fit with the 6D model (5D
model for 30 mmol dm solution); the shaded areas indicate the contributions of the resolved
modes j=1...6.
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Figure S12. Dielectric loss, &’’(v), spectrum (®) of 150, 200 and 250 mmol dm aqueous
solutions of [CsMesN]*[Cs] at 298.15 K. The lines show the fit with the 6D model; the
shaded areas indicate the contributions of the resolved modes j=1...6.
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Figure S13. Dielectric loss, &’’(v), spectrum (®) of 50, 100 and 150 mmol dm= aqueous
solutions of [C10MesN]*[C1o] at 298.15 K. The lines show the fit with the 6D model; the
shaded areas indicate the contributions of the resolved modes j=1...6.
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Figure S14. Dielectric loss, &”’(v), spectrum (®) of 200 and 250 mmol dm aqueous solutions
of [C10MesN]"[Cio] at 298.15 K. The lines show the fit with the 6D model; the shaded areas
indicate the contributions of the resolved modes j=1...6.
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Figure S15. Dielectric loss, &”’(v), spectrum (®) of 100, 150, 200 and 250 mmol dm 3 aqueous solutions of [C10MesN]*[Cs] at 298.15 K. The
lines show the fit with the 6D model; the shaded areas indicate the contributions of the resolved modes j=1...6.
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Figure S16. Solute-related amplitudes, S> (a) and relaxation times, = (b), of aqueous

[CsMe3N]*[Ce] (red A) and [CsMesN]*[Cio] (blue ®) and associated fits (lines) with
Grosse’s theory. The arrows in (a) indicate the associated cmc values (Table 2).
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Figure S17. Solute-related amplitudes, S; (a) and relaxation times, = (b), of aqueous
[CeMesN] [C1o]” (blue A), [C10MesN][Cio] (red @) and [C10MesN]*[Cs] (green w) and
associated fits (lines) with Grosse’s theory. The arrows in (a) indicate the associated cmc
values (Table 2) of [CsMesN]"[C10]” and [C1o0Me3N]*[Cs]".
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Estimation of bare and hydrated micelle volumes

Combining the results from the density measurements, ITC and DRS allows estimating the size
of the micelles. From the apparent molar volume of the surfactant in the micelle, V4™, (Table
1) and the average aggregation number, nay (Figures S6 and S7), the volume of the “bare”
micelle, VMyare, can be obtained as

VI =n, VM/I2/N, (xxxvii)

bare avg * ¢

To obtain the volume of the micelle, VM, the water molecules in-between the alkyl chains and
the polar heads of the ions are added to VMpare

VM =V +n,, ZeV, (H,0)/ 2/ N, (xxxviii)
where Vim(H20) is the molar volume of water, 18.069 cm® mol™ at 298.15 K. By taking into the
account all of the water slowed down by the micelle the hydrated volume of the micelle, VMnyq,
IS given by

Vins =Vowe + Mg Zt Vi (H,0)/ 2/ N, (XXXiX)

bare avg

Assuming spherical micelles, the radii of bare, rMpar, with inserted water molecules, r, and
hydrated micelles, My, gathered in Table 4 were obtained. Since, the concentration
dependence of the values is within the experimental uncertainty only values for 250 mmol
dm® solutions are presented.

Table S7. Average aggregation number, Nayg, volumes of the bare micelle, VMyare, micelle, VM,
and hydrated micelle, VMpya, and corresponding micelle radii, rMpare, r™ and rMpyq, for 250
mmol dm™ aqueous solutions at 298.15 K 2P

Navg VMpare VM VMhyd Mpare ™ rMhyd
[CeMesN] [Cio] | 25 70 | 112 | 220 | 119 | 139 | 1.74
[CeMesN][Cio] | 29 88 | 139 | 210 | 1.28 | 149 | 171
[CeMesN]*[Cs]” | 20 5.6 99 | 160 | 110 | 133 | 156
[CioMesN]*[Cio] | 34 116 | 186 | 388 | 140 | 164 | 210
[CioMesN]*[Ce]” | 31 95 | 152 | 289 | 1.31 | 154 | 1.90
aUnits: VMpare, VM, VMpya in nm3; rMpare, r™, rMpyq in nm;

bUncertainty: Navg: £2; VM, VMuya: £1; t™, rMpyq: £0.1.
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