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Abstract Isothermal titration microcalorimetry (ITC) is a powerful technique for acquiring thermodynamic information on
the micellization process of surfactants. In typical ITC experiments, consecutive injections of small volume of a surfactant
micellar solution into water contained in a sample cell are performed. The sample cell is maintained at a constant temperature
and the heat of processes occurring during dilution is monitored for each injection and plotted as a function of surfactant
concentration in the cell. The interpretation of experimental data obtained by ITC is necessarily based on models describing
micellization process. So far, there are two main models to the thermodynamic analysis of the micellization process: the mass
action model, considering micelles and unassociated monomers to be in an association-dissociation equilibrium and the phase
separation model, which regards micelles as a separate phase at critical micelle concentration (CMC) and assumes that the
micellization process is strongly cooperative. The phase separation model is the simplest model for describing micelle forma-
tion assuming that this process is akin to a separate phase-precipitation. Based on these two models, an ITC curve of observed
enthalpy change versus surfactant concentration allows the determination of CMC and the enthalpy of micellization (AHyy,;c)
of a surfactant. Other thermodynamic parameters related to micellization, namely the free energy (AGy,;.), the entropy (ASyic)
and the heat capacity of micellization (AC, y,;c) can be calculated from the experimentally determined CMC and AH,;;.. In this
paper, ITC and electrical conductivity were employed to investigate the micellization process of cationic gemini surfactants,
N,N,N',N'-tetramethyl-N,N'-bis[ 10-(4-nitrophenoxy)alkyl]-1,6-hexanediammonium dibromide (Nm-6-mN, with m=3§, 10 and
12, which are the numbers of carbon in the hydrocarbon chains), in aqueous solutions. Both phase separation model and mass
action model were used to obtain a series of thermodynamic parameters. The results show that the obtained AH,,;. values
based on the two models are very close, however, the obtained AG,,;. values based on the two models are not consistent. In
addition, the AC,, ;. of the micellization process is mainly from the dehydration contribution of hydrophobic alkyl chains of
the surfactants, which means the nitrophenoxy group located in the hydrophobic chain still contacts with water after the mi-
cellization. Furthermore, the micellar aggregation number 7 can be obtained by employing the mass action model. The mi-
cellar aggregation number n decreases with the increase of the hydrophobic chain length. The reason is that the surfactant
with longer hydrophobic chains prefers to form premicelles, leading to the decrease of the average aggregation number.
Keywords Gemini surfactant; micellization; isothermal titration microcalorimetry; phase separation model; mass action
model
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Table 1 Critical micelle concentration (CMC), micelle ionization degree (), and thermodynamic parameters for surfactants (a) N§8-6-8N, (b) N10-6-10N
and (c) N12-6-12N at temperatures of 298.15, 303.15, 308.15 and 313.15 K

CMC/(mmolsL ")

/K a AHpi/(kTemol ") AGu/(kJemol ') AC, ni/(kJemol 'sK ")
Lk A "
298.15 2.11 2.00 0.40 —253 —31.8
303.15 2.24 2.09 0.42 —26.4 —31.6
N8-6-8N —0.25,4
308.15 232 2.46 0.45 —27.6 —30.4
313.15 2.73 2.64 0.47 —28.8 —299
298.15 0.59 0.50 0.41 —32.0 —39.0
303.15 0.66 0.53 0.42 —342 —39.0
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303.15 0.22 0.15 0.45 —41.0 —44.7
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308.15 0.23 0.15 0.50 —43.7 —432
313.15 0.26 0.16 0.53 —46.6 —42.9
¢ Calculated by the formula: AGie=(3—2@)RTIn(2CMC)—RTIn2.
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Figure 6 Representative fitted curve for the calorimetric curve of
N8-6-8N at 298.15 K. The fitted parameters are shown in Table 2

& 2 78 29815 K F, DUREARBIAX Gemini 2 [ i 1 51
Nm-6-mN {5 S B B8 BEAT P 5 45 B AR R AL #4324 2 BOR R
T BRI A

Table 2 Thermodynamic parameters of micellization and averaged
aggregation numbers based on the mass action model for gemini surfac-
tants Nm-6-mN at temperature of 298.15 K

AHm;c/ AHdu(mon)/ AHdu(mic)/ AGm;cb/

B -1 -1 -1 N

(kJemol ') (kJemol ") (kJemol ') (kJemol ")
N8-6-8N 0.60 —273 2.1 0 —250 13
N10-6-10N  0.59 —329 0.3 0 =312 12
N12-6-12N  0.61 —37.7 0 3.6 —334 8

“ The degree of counterion association to micelle = 1-a. * AGpic=AG.

A FH A AR A5 2 T Nm-6-mN 4£ CMC I [1)°F
WIS n. 4F 298.15 K I, N8-6-8N, N10-6-10N FlI
N12-6-12N FIRACREE S T3 2. IRAREH n 55
R £ Hp BRSO, il 2 T 9% 1 7)1 R 3 DA
K, DRI A A i 2 (1) DR T DA RS b 00 1 2R Th v
PRI R A S, A2 B TAE R A1 T
NMR il e 2 103 1 710 2R 5 B0 U vk, IF HoAS
N10-6-10N {EH K R SREEHL N 20, AR T84T
DU AR P AU 0 R SR AR 4. X & T NMR
I SE (0 R THVEPEFIAE CMC 2 5 S B Y 1 Py (1 S 4
B, TSI W E 1 2 R R R R AR B SR AR, B
CMC T[R4 A A, i e o SR AR U bl A5 3R 1
T ) A P o R R ). PRI, Ao P PR
BRI R n W H DT HADTF B 2 L. &
Nm-6-mN 1) 58 52 50 B w7 7K B 0 18 g 8 1 1%, 31X
— RS R PEAA R PO B IS . 1E
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Figure 7 Representative calorimetric signals corresponding to dilution
of a concentrated solution of N8-6-8N into water at 313.15+0.01 K
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