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The dynamic NMR (DNMR) method was used to detect kinetic parameters of the molecular
exchange process between monomers in bulk solution and those in the micelle for Gemini
surfactants, 12-s-12 and 14-s-14 (s=2, 3 and 4). The escape rate constant, k − , was derived
based on the simpliﬁed equations of DNMR theory, and the apparent activation energy of
escape, Ea − , was obtained based on the Arrhenius equation through temperature variation
experiments. Results show that the orders of magnitude of k − for 14-s-14 and 12-s-12
are respectively 10 and 103 s−1 , Ea − of 14-s-14 and 12-s-12 are respectively 54.04−73.64
and 33.42−47.09 kJ/mol. Furthermore, k − increases and Ea − decreases with the spacer
length growing. In combination with the micro-polarity measurements, it was revealed that
molecules of 14-s-14 and 12-s-12 have to experience conformation changes when escaping
from the micelles. The two-step molecular exchange mechanism for Gemini surfactants was
therefore supported.
Key words: Gemini surfactants, Dynamic nuclear magnetic resonance, Molecular exchange,
Exchange rate constant, Apparent activation energy, Two-step exchange mechanism

conventional surfactants in single surfactant or mixed
surfactant systems [7−10]. In comparison with other
experimental techniques available for studying the surfactant mixtures, NMR has special advantages of nonperturbation and invasion of the sample, as well as a
small dosage of sample [11−15]. Surfactant monomers
in the bulk solution and those in the micelle are treated
as two states in NMR methods.
Gemini surfactants are a new class of surfactants [16,
17]. They exhibit superior physicochemical properties
compared to their analogous conventional surfactants
[18−21]. In spite of the wide application, kinetic processes of Gemini surfactants are not fully researched
[22]. The relaxation kinetics of quaternary ammonium
type Gemini surfactants, 12-s-12, has been investigated
by Zana et al. [23] using the pressure-jump relaxation
method, where 12-s-12 was found to exhibit especially
longer relaxation time of T1 and T2 compared to their
corresponding monomeric counterparts and the twostep exchange mechanism was proposed at the ﬁrst time
for explanation. Recently, the exchange kinetic process
of 14-s-14 (s=2, 3 and 4) has been investigated by Cui
et al., Jiang et al. and Liu et al. using NMR methods of the line shape analysis and EXSY, whereas the
exchange characteristic time of 14-s-14 at 298 K in the
single surfactant as well as the mixed surfactant solution was obtained [8−10]. However, the exchange rate
constant and the exchange mechanism of 14-s-14 were

I. INTRODUCTION

The kinetic and dynamic molecular exchange between
monomers in the bulk solution and those in the micelle,
and the disintegration and reformation of the micelle are
the key factors that aﬀect the properties of surfactants
[1]. The two distinguishable relaxation processes are
the fast process (molecular exchange) with the relaxation time, T1 , generally on the order of microseconds
and the slow process (disintegration and reformation)
with the relaxation time, T2 , generally on the order of
milliseconds [2−4].
Nuclear magnetic resonance (NMR) spectroscopy has
been used to detect the ﬁrst class of relaxation dynamic
process, i.e., the molecular exchange kinetics [5]. Huc
and Oda [6] ﬁrst reported the slow exchange of 14-214 at the NMR time scale, and quantitatively obtained
the exchange characteristic time through 1D line shape
analysis, which proved that NMR is an eﬀective tool
for the study of micellar exchange kinetics in aqueous
solution. Afterwards, 1D line shape analysis and 2D
EXSY have been applied to the qualitative and quantitative analysis of exchange kinetics of some Gemini and

∗ Authors

to whom correspondence should be addressed. E-mail:
maosz@wipm.ac.cn, ml.liu@wipm.ac.cn. Tel.: +86-27-87197305,
FAX: +86-27-87199291

DOI:10.1063/1674-0068/31/cjcp1708167

159

c
⃝2018
Chinese Physical Society

160

Jun Liu et al.

Chin. J. Chem. Phys., Vol. 31, No. 2

not further investigated. Afterwards, Jiang et al. [24]
reported the molecular exchange kinetics of 12-s-12 in
the mixed surfactant solution with conventional surfactants. Unfortunately, quantitative results of exchange
kinetic parameters for 12-s-12 were lack.
In this study, we applied DNMR to quantitatively
measure the molecular exchange rate constant between
monomers in the bulk solution and those in the micelle
of Gemini quaternary ammonium surfactants, 14-s-14
as well as 12-s-12 (s=2, 3 and 4). Moreover, the exchange mechanism of Gemini surfactants was also further investigated through measurements of the activation energy and the micro-polarity by temperature variation and ﬂuorescence probe experiments.

Scheme 1 Molecular structures and proton numberings of
12-s-12 (s=2, 3, and 4) and 14-s-14 (s=2, 3, and 4).

II. EXPERIMENTS

The Gemini quaternary ammonium surfactants, 14s-14 (s=2, 3 and 4) and 12-s-12 (s=2, 3 and 4), were
synthesized and supplied by the Southwest Petroleum
University (Chengdu, China). D2 O with a deuteration
of 99.9% and 2, 2, 3, 3-d4-3-(trimethylsilyl) propionic
acid sodium (TMSP) with a deuteration of 98% were
obtained from Cambridge Isotope Laboratories. Pyrene
with a purity of 98% was from ACROS ORGANICS.
The reagents were used as received, without any further puriﬁcation. The structures and proton numbering of the surfactants used in this study are shown in
Scheme 1.
Stock solutions of 14-s-14 (s=2, 3, 4) (1.0 mmol/L),
12-2-12 (2.0 mmol/L), 12-3-12 (2.4 mmol/L), 12-4-12
(3.0 mmol/L) in D2 O were prepared initially. For 14-s14, sample solutions at 2 cmc (critical micelle concentration) for 1D line shape analysis were prepared by diluting the stock solution until resonance peak areas for
the monomer and the micelle are the same, and sample solutions below cmc were prepared by further dilution until the micelle resonance peaks well disappeared
and the half-height line width of monomer resonance
peaks no longer changed. For 12-s-12, their stock solutions were stepwise diluted to get a series of sample
solutions with concentrations respectively at well below
and above cmc for measurement of their cmc values.
And their sample solutions at 2 cmc and below cmc for
1D line shape analysis were prepared by dilution of the
stock solutions according to the obtained cmc values.
NMR measurements were performed on a Bruker
AVANCE-500 with a proton frequency of 500.13 MHz
and Bruker AVANCE-600 with a proton frequency of
600.13 MHz. For all 1D 1 H NMR spectra, a smallangle pulse of 30◦ was used rather than 90◦ in the
conventional single-pulse sequence to save time. An
external standard of TMSP (0.03 mmol/L) in a capillary was added in sample solutions of 14-s-14. Water suppression was performed with presaturation and
the chemical shift of TMSP was calibrated to 0 ppm.
Residue HOD was used as the internal standard in samDOI:10.1063/1674-0068/31/cjcp1708167

ple solutions of 12-s-12. No water suppression was
performed and the chemical shift of HDO was calibrated to 4.70 ppm. The ﬂuorescence emission spectra
of pyrene were recorded using a Horiba Fluoromax-4
spectro-ﬂuorometer at 298 K, operated at an excitation
wavelength of 335 nm, with an excitation slit of 5 nm
and an emission slit of 1 nm. The concentration of
pyrene added in micellar solutions of each surfactant
was 10−6 mol/L.

III. RESULTS AND DISCUSSION

To well display the exchange process of 14-s-14 and
12-s-12 at the NMR time scale, resonance signals of H6
(N -methyl proton) of 14-3-14 and 12-3-12 at diﬀerent
solution concentrations and diﬀerent temperatures are
shown in FIG. 1. It is obvious that two sets of resonance
peak for 14-s-14 appeared. Resonance signals of micelles, expressed as H6′ in the spectra, appeared at the
lower ﬁeld corresponding to those of the free monomers
in the bulk solution, expressed as H6 in the spectra.
This shows that the exchange of 14-s-14 is slow at the
NMR time scale. As for 12-s-12, only one coalesced signal is observed, showing that the exchange process is
fast at the NMR time scale. So, diﬀerent approaches
should be considered to treat the experimental data.
According to the pseudo-ﬁrst-order chemical exchange process (the two-site exchange reaction) of two
states, the exchange equilibrium can be described by
Eq.(1).
k+
Smon ← −→ Smic
k

(1)

Where, Smic and Smon are the surfactant molecules
respectively sited at the micelle state and the free
monomer state in the bulk solution, k + and k − are the
rate constants of the molecule entering from the bulk
solution into the micelles and that of the molecule escaping from the micelles into the bulk solution. When
c
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where νmon and νmic are the resonance frequencies of
free monomers and micelles, respectivly. Pmon and Pmic
are the statistical proportions of surfactant molecules
sited at the two states. The half-height line width could
be approximately given by Meiboom’s equation [26],
W1/2 =

1
T2 + 4π 2 Pmon Pmic (νmic − νmon )2 τ
π

(4)

where T2 is the transverse relaxation time, τ is the average residence time. The relationships of τ and k + , k −
can be expressed as:
1
= k+ + k−
τ

(5)

At the concentration of 2 cmc k − is equal to k + and
can be determined as 1/2τ . Therefore the half-height
line width broadening at 2 cmc is analyzed to measure
k − by the equation:
∆W1/2 =
FIG. 1 The resonance peaks of N -methyl proton, H6 for
14-3-14 and 12-3-12, (a) at diﬀerent concentrations of 14-314 and 294 K, (b) at diﬀerent concentrations of 12-3-12 and
288 K (The red lines are spectra at 2 cmc and below cmc
for 1D line-shape analysis), (c) at diﬀerent temperatures of
14-3-14 and 2 cmc, (d) at diﬀerent temperatures of 12-3-12
and 2 cmc.

the two molecule states, Smic and Smon exchange slowly
at the NMR time scale, two sets of NMR signals respectively corresponding to the micellar and the monomeric
states are observed as FIG. 1(a) shows. Based on twosite exchange equation developed by Gutowsky and
Holm [25], the NMR line width broadening at half
height of the exchanging singlet compared to the nonexchanging reference singlet can be used to determine
k + by the equation:
k + = π∆W1/2

(2)

where ∆W1/2 is the width broadening, which can be determined as the half-height line width (W1/2 ) diﬀerence
of the resonance peak of free monomers respectively at
the concentration above cmc and below cmc. At the
concentration of 2 cmc, the statistical proportions of
surfactant molecules at the free monomer state and the
micelle state are identical, and k − is equal to k + and
can be thus determined.
When the two states, Smic and Smon , exchange fast
at the NMR time scale, only one set of their coalesced
signal can be observed as FIG. 1(b) shows. The observed resonance frequency (νobs ) is actually between
the resonance peak of free monomers and that of the
micelles, expressed as:
νobs = Pmon νmon + Pmic νmic
DOI:10.1063/1674-0068/31/cjcp1708167

(3)

π 2 ∆ν 2
2k −

(6)

where ∆W1/2 is the exchanging broadening of halfheight line width of the coalesced peak at 2 cmc compared to the resonance peak of free monomers below
cmc. And ∆ν is the frequency diﬀerence between νmon
and νmic , i.e. (νmic −νmon ). νmon and νmic can be determined from the chemical shift (Hz) variation curves as a
function of the reciprocal of concentration, i.e. the cmc
determination curves [7], where the y-intercept values
respectively of the linear ﬁtted plot below cmc and of
the linear ﬁtted plot above cmc are deemed as νmon and
νmic .
Values of cmc of 14-s-14 and 12-s-12 measured by
the NMR method [7, 9, 10] in this study are listed in
Table S1 (supplementary materials). The calculated k −
values and τmic (the residence time in the micelle) of 14s-14 determined according to Eq.(2) at 298 K are listed
in Table I. Wherein, k − is determined as k + /α to eliminate the concentration deviation from 2 cmc (α=1) as
k + is in direct proportion to α at certain concentration
range (shown as FIG. S1 in supplementary materials).
Values of k − and τmic of 12-s-12 were determined
according to Eq.(5) and listed in Table II.
As Tables I and II show, the magnitude orders of k −
for 14-s-14 and 12-s-12 are respectively 10 and 103 s−1 ,
correspondingly, their residence time in micelles are respectively 0.07−0.51 s with the time scale of 10−1 s
and 0.19−0.54 ms with the time scale of 10−1 ms. This
shows that 12-s-12 exchanges nearly 103 times faster
than 14-s-14 in spite of having the same spacer length.
It suggests that surfactants with the longer alkyl chains
experience the stronger hydrophobic interactions which
prevents them escaping from micelles, i.e. a longer residence time in micelles.
The variations of k − of 12-s-12 and 14-s-14 with the
spacer length are plotted in FIG. 2. It shows that the
values of k − of 12-s-12 and 14-s-14 both increase with
c
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TABLE I Values of ∆WH6′ , ∆WTMSP , ∆WH6 and accordingly calculated values of k+ , k− and τmic for 14-s-14 at 298 K.
s
2
3
4

α
1.03
1.14
1.01

∆WH6′ /Hz
0.50
1.64
4.44

∆WTSP /Hz
−0.14
0.08
−0.08

k + /s−1
2.01
4.90
14.2

∆WH6 /Hz
0.64
1.56
4.51

k− /s−1
1.95,
4.30
14.0

τmic /s
0.51
0.23
0.07

TABLE II Values of ∆WH6′ , ∆WHDO , ∆WH6 , ∆ν and accordingly calculated values of k − and τmic for 12-s-12 at 298 K.
s
2
3
4

∆WH6′ /Hz
13.33
9.90
2.75

∆WHDO /Hz
−0.09
0.12
0.02

∆WH6 /Hz
13.42
9.78
2.73

∆ν/Hz
71.0
70.4
53.8

k− /(103 s−1 )
1.85
2.50
5.21

τmic /ms
0.54
0.40
0.19

TABLE III The values of Ea − (kJ/mol) for 14-s-14 and
12-s-12.
Spacer length
Ea − /(kJ/mol)
14-s-14
12-s-12
s=2
73.64
47.09
s=3
63.89
39.34
s=4
54.04
33.62

FIG. 2 The variations of k− of 14-s-14 and 12-s-12 with the
spacer length at 298 K.

the spacer length growing, and k − of 12-s-12 increases
slower as compared to that of 14-s-14.
Temperature variation experiments of the exchange
process were performed. Tables S2 and S3 (supplementary materials) list ∆WH6′ , ∆WTMSP /∆WHDO , ∆WH6
and accordingly calculated values of k − of 14-s-14 and
12-s-12 at diﬀerent temperatures. Results show that k −
values of 14-s-14 and 12-s-12 increased with temperature. Consequently, Ea − could be detected according
to the Arrhenius equation:
lnk − =

−Ea −
+ A0
RT

(7)

Curves of lnk − were ﬁtted as a function of 1/T with
the linear correlation coeﬃcients all above 0.95. Values
of Ea − were obtained and are listed in Table III. As
Table III shows, Ea − of 14-s-14 and 12-s-12 obviously
decreases with the spacer length growing, which well
explains the increase of k − with the spacer length.
Generally speaking, the micro-polarity inside micelles
can be a measure of its hydrophobicity inside the micelle core. The micro-polarity of these surfactant micelles was measured using ﬂuorescence emission spectra.
Pyrene (10−6 mol/L) was added into the micellar solution with surfactant concentrations at 2 cmc, which was
DOI:10.1063/1674-0068/31/cjcp1708167

supposed to be all dissolved in the micelle core. After
being excited at 335 nm, ﬂuorescence emission spectra
of pyrene were recorded. As well known, the ratio of
intensities for the ﬁrst (I1 ) and the third (I3 ) electronic
vibration peaks of pyrene are strongly dependent on
the micro-polarity of its surrounding environment. The
value of I1 /I3 is high in pure aqueous solution (1.81 in
current study). It would drastically fall when pyrene
is dissolved in the hydrophobic core of micelles. The
tighter the molecules are packed, the stronger the hydrophobicity and the weaker the micro-polarity in the
micelle core, and the lower the I1 /I3 value would be.
Experimental I1 /I3 values of pyrene in the micelles
of 12-s-12 and 14-s-14 are listed in Table IV.
To better ﬁgure out the relationship between the hydrophobicity and Ea − , the variation tendencies of Ea −
(red symbols and lines) and I1 /I3 values (black symbols
and lines) of 14-s-14 and 12-s-12 with the spacer length
are depicted in the FIG. 3.
It clearly shows that, Ea − of 12-s-12 and 14-s-14
almost linearly decreases with s increasing. However,
I1 /I3 increases less when s increases from 3 to 4, which
accordingly indicates that the hydrophobicity of the micelle core decreases less with s increasing from 3 to
4. Besides, the micro-polarity of 14-s-14 is lower than
that of 12-s-12 with the same spacer length, which suggests that the hydrophobicity inside the micelle core
of 14-s-14 is higher than that in 12-s-12 micelles. It
should be noted that the hydrophobicity diﬀerence between the micelle of 14-s-14 and 12-s-12 with the same
spacer length actually gets larger as the spacer length
increases. In contrast, the increment of Ea − of 14-s-14
c
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TABLE IV The I1 /I3 values of the pyrene probe inside the
micelles of 12-s-12 (s=2, 3 and 4), and 14-s-14 (s=2, 3 and
4).
Space length
s=2
s=3
s=4

I1 /I3
14-s-14
1.20
1.39
1.41

12-s-12
1.21
1.41
1.46
FIG. 4 Possible molecular exchange models between
monomers in the bulk solution and in the micelle for Gemini
surfactants.

FIG. 3 The Ea − (red colour) and I1 /I3 values (black colour)
of 12-s-12 (s=2, 3 and 4) and 14-s-14 (s=2, 3 and 4).

compared to 12-s-12 gets smaller. It suggests that Ea −
does not totally originate from the intermolecular hydrophobic interactions in the micellar core. Some other
factors should be considered.
The Gemini surfactant molecules have to adopt cisconformation inside the micelles due to high hydrophobic interaction. However, leaving from the micelle,
the trans-form should favor the molecule to overcome
the intra-hydrophobic interaction between the two alkyl
chains. The energy of transformation from cis- form
to trans- form in the micelle depends not only on the
intra-molecular hydrophobic interactions but also on
the steric eﬀects inside the micelle core. Consequently,
Gemini surfactant molecules have to overcome an extra steric hindrance eﬀects inside the micelle core. The
longer the spacer length, the looser the hydrophobic
chain packed, consequently, the weaker the steric effect inside the micelle. So, the increment in the activation energy for Gemini surfactant to overcome the
steric hindrance eﬀect with longer spacer length becomes smaller, which should account for the additional
decrease of Ea − in addition to the non-linear weakening
of the hydrophobicity inside the micelle with the spacer
length increasing.
This conclusion actually well supports the two-step
exchange model of 12-s-12 put forward by Zana et
al. [23], that is one alkyl chain of Gemini surfactant
molecule exit ﬁrst and then the other when escaping
from the micelle. As FIG. 4 shows, there should simultaneously exist the two-step exchange and one-step
exchange mechanisms for Gemini surfactants, as free
DOI:10.1063/1674-0068/31/cjcp1708167

monomers in the bulk solution should adopt the transas well as the cis- conformations in a view of statistic thermodynamics. With the spacer length growing,
the statistical proportion of free monomers adopting
the trans- conformation decreases, and so would the
proportion of Gemini surfactants to adopt the two-step
exchange mechanism. Therefore, the energy for conformation changes of Gemini surfactant molecules to
escape from the micelles gets smaller, which should be
another factor accounting for the activation energy decrease with the spacer length.

IV. CONCLUSION

Quantitative kinetic parameters, k − and Ea − , of the
molecular exchange process between monomers in the
bulk solution and those in the micelle for Gemini quaternary ammonium surfactants were acquired by the
DNMR method. The exchange mechanism of Gemini
surfactants was further discussed through Ea − and the
micro-polarity variations with the spacer length. It was
indicated that the conformation change is supposed to
be experienced by the Gemini surfactant molecule when
it escapes from the micelle, which well supports the
possible two-step molecular exchange model for Gemini
surfactants.
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