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Abstract The micellization behavior of the ionic liquid lauryl
isoquinolinium bromide ([C;,iQuin]Br) in aqueous solution
has been assessed using surface tension, electrical conductiv-
ity, and 'H nuclear magnetic resonance (NMR) measure-
ments. The results reveal that the critical micelle concentration
(CMC) and constant surfactant tension (7.,) are lower than
that of butyl isoquinolinium bromide ([C,4iQuin]Br), octyl
isoquinolinium bromide ([CgiQuin]Br, and lauryl pyridinium
bromide ([C;,Pyr]Br). "H NMR spectra show the evidence of
paralleled n-stacking of adjacent isoquinoline rings. To eluci-
date the effect of the m—r interactions on the aggregation
process, thermodynamic parameters such as the standard free
energy, enthalpy, and entropy of aggregation have been
discussed. These parameters are evaluated from the CMC with
temperature by fitting these values to expressions derived
from a micellization thermodynamic model. The enthalpy—
entropy compensation phenomenon has been observed in the
micellization process of [C;,iQuin]Br in water, and the pres-
ence of isoquinoline cations is responsible for the decrease in
the AHp,;., compared with [C;,Pyr]Br which has the same
alkyl chain and counter-ion.

Keywords Isoquinoline - Ionic liquids - Micellar
properties - n-Stacking - Enthalpy—entropy compensation
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Introduction

Tonic liquids (ILs) are salt-substances composed essentially of
ions—exhibiting a melting point below a conventional tem-
perature of 100 °C. ILs are formed by ions, with at least one of
the constituent ions as organic, and the cations and anions
differ significantly in their geometrical characteristics. ILs that
are inherently amphiphilic are called surface active ionic
liquids (SAILs) or IL-based surfactants, a type of functional
ILs with combined properties of ILs and surfactants [1]. It is
stilled argued that the cation—anion pair no longer constitutes a
true ionic liquid when SAILs are dissolved in solvents. There-
fore, the self-aggregation behavior of SAILs in aqueous solu-
tion has generated interest. In addition, it is also worthful to
compare the properties of SAIL solutions and hence their
applications with those of “conventional” surfactants in the
colloid and interface field [2—7] since the first work by Bowers
et al. in 2004 [8]. What is more, it is known that the ability to
modify the properties of the aggregate formation by easily
changing the structural make-up of the cation—anion pair
draws obvious parallels to the tunability of classic ionic lig-
uids. In addition, the conformation of surfactant in micelle
also influences the important parameters of regioselectivity
[9], reaction kinetics [10], and enantioselectivity [11]. The
aggregation character of ILs in solutions will affect their
application in chemical synthesis, catalysis, electrochemistry,
extraction, and chromatography, as well as in the synthesis of
new materials. In fact, the variety of possible SAILs that can
be synthesized has the potential to make a huge impact in the
field of surfactant development and design, particularly with
respect to traditional cationic surfactants. Pyridinium-based
ionic liquids are an important class of cations in the SAILs
family, and their aggregation has been thoroughly investigated
in aqueous solutions [ 12—15]. Isoquinoline contains a pyridine
ring fused to a benzene ring. Isoquinolinium compounds are
also valuable biologically active chemical substances in the
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medical field [16]. Isoquinolinium-based ionic liquids were
rarely investigated [17] though the hydrophobic
isoquinolinium ionic liquids have been recognized and
successfully applied in liquid-liquid separations for 10 years
[18]. Recently, Domanska and co-workers [19-22] reported
the phase equilibria diagrams, volumetric and transport
properties, and activity coefficients at infinite dilution of
diverse organic solutes for N-alkylisoquinolinium bis
(trifluoromethylsulfonyl) imides homologous series ([C,.
iQuin][NTf,], where C,=C,H,,+; and n=4, 6, and 8). But
no aggregation behavior in water has been reported for
these ionic liquids, though N-alkylisoquinolinium bromides
with an alkyl chain up to dococyl have been synthetized.
Lauryl isoquinolinium bromide (abbreviated in present
work by [C,iQuin]Br) is a solid at room temperature with
a lower melting point (~49 °C) and is a type of cationic
surfactant. Therefore, [C;,iQuin]Br can also be considered
a SAILs. The results of preliminary experiments show that
[C1,1Quin]Br exhibit more antimicrobial activity than qua-
ternary ammonium-based surfactants and pyridinium ILs
possessing the same alkyl chain and counter-ion. It is
obvious that their antimicrobial activity is closely related
to their structure of head group and the related association
phenomena in solutions. The purpose of this study is to
characterize the thermodynamics of the micellization of
[C1,1Quin]Br and the micellar structure. To better under-
stand of the role of cation playing on micellization, the
physicochemical properties of the aqueous [C;,iQuin]Br
solution will be compared with that reported data for 1-
dodecylpyridinium bromide ([C;,Pyr]Br), which has the
same alkyl chain length and counter-ion. In addition, the
shorter length alkyl chain isoquinolinium-based ionic lig-
uids, butyl isoquinolinium bromide ([C4iQuin]Br), and
octyl isoquinolinium bromide ([CgiQuin]Br) were prepared
in order to study the effect of alkyl chain length on mi-
cellization of isoquinolinium-based SAILs. This goal is
achieved by using surface tension, electrical conductivity,
and "H nuclear magnetic resonance (NMR) measurements.

Experimental section
Materials

Isoquinoline was purchased from Hatch Chemical Co., Ltd. of
China. 1-Bromobutane (99 %), 1-bromooctane (99 %), and 1-
bromododecane (99 %), anhydrous ether, petroleum ether, and
methylene chloride were obtained from Sinopharm Chemical
Reagent Co., Ltd, of China and were used without further
purifications. D,O was obtained from Beijing Chemical Fac-
tory of China and was 99.8 % deuterated. All aqueous solu-
tions were prepared with Millipore grade water.
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Synthesis

A certain amount of isoquinoline and alkyl bromide were
added successively to a 50-mL round flask under nitrogen
atmosphere. The mixture was heated to reflux and maintained
2 h. The crude product was dissolved by DCM and decolor-
ized by activated carbon, and a thick red oil was obtained.
After washing three times with petroleum ether, a white solid
was obtained. Further recrystallization with methanol afforded
the pure [C,iQuin]Br (n=4, 8§, 12).

Methods

Aqueous solutions of [C,iQuin]Br were prepared by weight
using an analytical balance with a precision of +0.0001 g
(Denver Instrument APX-200). The surface tension of aque-
ous solutions was measured by a Tensiometer (Dataphysics,
Germany, Model DCAT 11) using the Wilhelmy plate
method. The measured surface tension has an uncertainty
of £0.02 mN m™'. The temperature was controlled using a
constant temperature circulating water thermostat bath at
25+0.1 °C. The electrical conductivity of the solution was
measured by a digital conductivity meter (Lei Ci, China,
Model DDS-11) using a cell with platinized platinum
electrodes. The cell was calibrated with aqueous KCI
solutions in the concentration range of 0.01-1.0 mol L.
At least three measurements were made for each concen-
tration, and the mean values were taken into analysis
consideration. The uncertainty of the measurements was
less than 0.2 %. Each sample was placed in a cell within
a thermostat bath at temperatures ranging from 15 to
45 °C (0.1 °C).

The "H NMR spectra of [C,iQuin]Br solutions prepared in
D,O were taken at 25 °C on an AVANCE 600 NMR spec-
trometer (Bruker, Germany). The acquisition of spectra and its
analysis was handled by TOPSPIN-13 software provided by
the supplier. The proton chemical shifts were referenced with
respect to an external standard DSS (6=0.000 ppm) in D,O.
The chemical shifts of the peaks of interest were determined
using Mestre Nova 8.0 software. Two-dimensional nuclear
Overhauser enhancement spectroscopy (2D NOESY) experi-
ments were performed with the standard three-pulse sequence
with mixing time of 350 ms for [C,iQuin]Br solution.

Results and discussion

Surface absorption and micellization of [C;,1Quin]|Br
Surface tension measurements The surface tension was mea-
sured to evaluate the surface activity of the aqueous

[C1,1Quin]Br solutions. Figure 1 shows the plot of surface
tension as a function of the logarithmic concentration obtained
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Fig. 1 Surface tension isotherms for [C4iQuin]Br, [CgiQuin]Br, and
[C4,21Quin]Br aqueous solutions at 298 K

35+

for [C;,iQuin]|Br aqueous solutions at 298 K. As dearly dem-
onstrated, the surface tension of the aqueous phase showed a
progressive decrease with increasing ILs concentration and
remained constant above the critical concentration. The con-
centration at the break point corresponding to the critical
micelle concentration (CMC) and the value of constant sur-
face tension (Ycwmc) are all summarized in Table 1. The rela-
tive Gibbs surface excess of the saturated [C;,1Quin]Br mono-
layer at the air/solution interface, I,.., was calculated from
the slope of the linear profile of the tensiometric isotherm up
to the CMC according to the standard Gibbs adsorption equa-
tion [23]. The area of exclusion per monomer (4;,) was
obtained by Apin=1/(Nalmax), Where N, is the Avogadro
constant (6.022x 10> M "),

Comparing with 1-dodecylpyridinium bromide ([C;,Pyr|Br),
it can been found that the ability and the efficiency of
[C1,21Quin]Br to decrease surface tension are superior to
[C1,Pyr]Br [12]. This is mainly because isoquinoline contains
a pyridine ring fused to a benzene ring and certainly prefers the
formation of 7-stacking due to the conjugation effect.

The surface tension isotherms of [C4iQuin]Br and
[CgiQuin]Br are also shown in Fig. 1, and the CMC, Yeac, Amin

are listed in Table 1, respectively, for comparison. The values
in Table 1 show clearly that the CMC and 7y, values decrease
with the increase of alkyl chain length, which indicates that
the surface activity of [C;,iQuin]Br is superior to both of
[C41Quin]Br and [CgiQuin]|Br.

Nuclear magnetic resonance measurements As a sensitive
and accurate technique, "H NMR was widely used to investi-
gate the aggregation behavior of SAILs [24-26]. The different
protons as numbered in the chemical structure of [C;,1Quin]|Br
are shown in Fig. 6, and a summary of the 'H NMR-observed
chemical shifts (Jopsq) for distinguishable protons of
[C1,1Quin]Br at different concentrations is supplied in
Supporting Information (Table S1). With the help of the
pseudo-phase mode of micellization, the dypsq Of the terminal
methyl group in the alkyl chain has been used to determine the
CMC under fast exchange in the NMR time scale in bulk
solution [25]. Figure 2 shows the d,,sq values for terminal
CHjs versus the reciprocal concentration for [C,iQuin]Br. As
expected, the plot of dypsq Versus C ! can be linearly fit by two
straight lines. The break point provides concentrations corre-
sponding to CMC. The plots of d,psq versus C ' of
[C41Quin]Br and [CgiQuin]Br are shown in the inset of Fig. 2
for comparison. The CMC values obtained from the "H NMR
data are listed in Table 1, which are a bit smaller than the value
determined by the surface tension measurement, because the
micelles formed in D,O are more structured than H,O, as the
hydrogen bond network formed in D,O is stronger than that in
H,O0 [27].

According to the single-step equilibrium model and based
on the mass-action law of micelle formation, the variation of
chemical shifts of [C;,iQuin]|Br protons in aqueous solution
can be employed to determine the aggregation number. The
principle of calculation has been discussed in details in [25,
26]; thus, only the essentials will be given here in Eq. (1).

log(Ct|0mon—0obsd|) = N10g(Ct|Oobsa—0m|) + log(NK) (1)

+ (1=N)1og|mon—0m|

Table 1 Micellization parameters for [C,iQuin]Br (n=4, 8, 12) in aqueous solution obtained by different techniques at 298 K

ILs Surface tension Conductivity NMR
CMC (mM) Yeme (mN m ) Apin (nm?) CMC (mM) B AGLi (kI M) CMC (mM)
[C4iQuin]Br 86.7 56.1 0.99 85.4 0.42 -22.8 80.3
[CsiQuin]Br 46.3 40.5 0.59 46.5 0.34 -235 455
[C1,iQuin]Br 40 37.9 0.68 49 0.64 -38.0 36
[C1,Pyr]Br* 93 39.3 0.71 12 0.74 -36.4 93

*[12]

The reported values of [C,Pyr]Br are also shown for comparison
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Fig. 2 Variation of dypsq for the proton of the terminal carbon of
[C4iQuin]Br, [CgiQuin]Br, and [C;,iQuin]Br against the reciprocal con-
centration, respectively, at 298 K

where N is the aggregation number; K is an equilibrium
constant, K=[An]/[4], 4 and 4y are the monomeric and aggre-
gated forms of SAILs; C; is the total SAILs concentration; and
Omon and d;,, can be determined by extrapolation of the plots of
Oobsa versus Cr and dypsq versus Cr'. Figure 3 shows the
chemical shift data plotted according to Eq. (1) for
[C,iQuin]Br in D,0, where shows two straight lines. The
concentration at the point of intersection corresponds to the
CMC of [C;,1Quin]Br which is in agreement with that obtain-
ed from Fig. 2. The slopes of the linear fragments above and
below CMC are the values of the aggregation numbers, re-
spectively. The calculated aggregation number is 56 above
CMC. It should be mentioned that the value obtained below
CMC is lesser than 1, which is reasonable, since [C;,iQuin]Br
exists as single monomer.
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Fig. 3 NMR chemical data plotted in terms of Eq. (1) for [C;,iQuin]Br
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Conductivity measurements The specific conductivity (k) re-
sults proved thermodynamic information regarding the onset
of the aggregation process and the degree of counter-ion
binding (f). Figure 4a depicts the change of the x as a function
of concentration of the [C;,iQuin]Br solutions in the temper-
ature range of 288—-318 K. The specific conductivity values
were fit into two straight lines with different slopes. The
intersect at the concentration corresponds to the micelle for-
mation which allows for the identification of the CMC [28].
As shown in Table 1, the CMC value obtained from conduc-
tivity measurement is similar to the result from tensiometry at
298 K. The change of slope obtained in Fig. 4 was assigned to
the onset of micellization due to the decrease of free charged
species in the bulk and a lower mobility extent of micelle than
the free ions. The value of counter-ion dissociation degree (),
determined by Frahm’s method (i.e., as the ratio of the slopes
of the linear fragments above and below CMC [29]) and
counter-ion binding degree to micelles (), is equal to 1—c.
According to the charged phase separation model of

a
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Fig. 4 Plot of electrical conductivity versus the concentration of
[C1,1Quin]Br at different temperatures (a) and [C,iQuin]Br (n=4, 8, 12)
at 298 K (b)
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Table 2 Critical micelle concentration, degree of counter-ion binding to micelle (f), and standard thermodynamic parameters of micellization of

[C4,1Quin]Br at different temperatures using conductivity measurement

ILs Temperature (K) CMC (mM) B AGi (kI M AH e (kI MY —TASYe (kI M
[C1,iQuin|Br 288 5.1 0.68 -37.32 -10.23 -27.95
[C1,iQuin|Br 298 49 0.64 -37.95 -34.93 -3.02
[C12iQuin]Br 308. 5.1 0.52 -37.63 -58.02 20.40
[C1,iQuin|Br 318 5.2 0.50 -36.65 -79.67 4301

CMC critical micelle concentration

micellization [30], the standard Gibbs energy of aggregation,
AG,:., can be calculated from the following relation:

AGY. = (1+ B)TRInxcme (2)
where xcpvic 1s the CMC expressed as the mole fraction. The
values of CMC and AGoy. in the temperature range of 288—
318 K are included in Table 2.

Compared with [C;,Pyr]Br [12], [C;,1Quin]Br has a much
lower f value. From a chemical structure point of view, it is
probably due to the larger size of the isoquinoline ring com-
pared with the pyridine ring, which results in an attenuation of
the interaction between the Br and hydrophilic group. In
addition, [C;,iQuin]Br has a more negative AGL;. compared
with [C,Pyr|Br, which suggests that [C;,1Quin]Br is more
favorable to aggregate.

Compared with the conductivity measurements of
[C4iQuin]Br and [CgiQuin]Br aqueous solutions
(Fig. 4b; Table 1), [C1,1Quin]Br has a higher 8 which
means a denser arrangement of [C;,iQuin]Br molecules
at the micellar interface compared with those of short
chain [C,iQuin]Br. It can be seen that the longer the
alkyl chain of [C,iQuin]Br, the more negative the AGoy.,
indicating that the micellization comes more easily with the
increase of the alkyl chain length of [C,iQuin]Br.

Furthermore, the enthalpy and entropy of micellization,
AHYe and —TASY., determined from the temperature
dependence of the Gibbs energy have been calculated by
using the van’t Hoff equation and the Gibbs—Helmholtz
equation, respectively [31], and the results are shown in
Table 2 and Fig. S1. The effect of m-stacking interactions
between the adjacent groups may be the fundamental
reason for the large negative AHo; at high temperatures,
similar to the case for long-chain N-aryl-imidazolium ionic
liquids [32]. TAShic and AHo;. dominate AGuy. at lower
temperature. A cross-point in temperature appears due to
the significant increase of —TASY;. and decrease of AHD;
with the increase in temperature. Such changes compen-
sate for each other, resulting in relatively constant Gibbs
free energy value. This phenomenon is known as enthalpy—
entropy compensation. Figure 5 shows the enthalpy—entropy

compensation plots which can be described by the linear
relationship [33-35]:

AHY

mic — AH + TCASO (3)

mic mic

where 7. is the compensation temperature which has been
proposed as a measurement of the desolvation in the process
of aggregation [36]. The intercept AH,,;. is the enthalpy
change at a specific temperature given that ASy;.=0 [37]
which means that the driving force for the micelle formation
comes only from the enthalpy term. The steadier the structure
of the micelle, the larger is the negative value of AHy,;.. By
fitting the experimental data, shown in Fig. 5, the values for 7;
and AH.;. have been obtained as 302 K and —38 kI M ',
respectively. The enthalpy—entropy compensation relation for
micellar formation of [C,Pyr]|Br is plotted based on [38].
Both [C,iQuin]Br and [C;,Pyr]|Br have practically the same
compensation temperature ([C;,Pyr|Br, 7.=301 K) [38]. This
result indicates that the de-solvation process of micellization
exhibits a very similar characteristic for both surfactants. The
AH; value of [C;,iQuin]Br is lower than that of [C,Pyr]|Br
(AHie=—21.3kIM ") [35, 38]. It is known that the stronger
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Fig. 5 Enthalpy—entropy compensation relation for micellar formation
of [C,1Quin]Br and [C,Pyr]|Br [31] in water
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the hydrophobicity, the larger is the negative value of AH;.
We can safely concluded that the [C;,iQuin]Br micelle is
stable than that of [C;,Pyr]Br due to the dramatic difference
in the tendency of the stack of isoquinoline rings and pyridine
rings.

The orientation of aromatic ring and alkyl chain
in the formation of [C;,1Quin]Br micelle

The changes in "H NMR spectra with the surfactant concen-
tration can shed light on the intermolecular interactions and
also on the conformational changes of SAIL aggregation
process. Figure 6a shows representative expanded peaks of
[C1,iQuin]Br protons below and above CMC in D,0. The
variation of the chemical shift, Adypsg (& Oobsd—Omon)s aS @
function of the concentration of [C;,iQuin|Br is presented in
Fig. 7. The chemical shifts of all signals are identical below
CMC, whereas above CMC, the resonances experience rela-
tively large shifts for all protons except H2, H6, and H9. The
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abrupt change in chemical shifts may be caused by a sharp
change in the environment around the protons of surfactant at
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Fig. 7 Dependence of proton chemical shifts of [C;,iQuin]Br on ILs
concentration in D,0O at 298 K
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the CMC. The orientation of both aromatic ring and alkyl
chain is analyzed in the following section.

It is well-known that the formation of H-bond causes the
downfield shift, and ring parallel stacking leads to an upfield
shift upon aggregation of SAILs containing aromatic rings in
aqueous solutions [25]. Hence, the difference in the magnitude
of chemical shift must be due to the difference ability of
hydrogen bond formation and also of 7 interaction. The
protons of H1 and H7 in the isoquinoline ring exhibit more
acidity due to the proximity of electronegative nitrogen atoms
and thereby their own availability to form hydrogen bonding.
The significant downfield shift is observed in aqueous solu-
tions of [C;,1Quin]Br above the CMC (Fig. 6a). This behavior
can be justified by considering the effect of competing inter-
actions Br and with water with H1 and H7 [39] because the
Br s a stronger hydrogen-bond acceptor.

Nevertheless, an upfield shift of protons H1 and H7 in the
chemical shift is observed with the increase of concentration
in the case [C4iQuin]Br and [CgiQuin]Br (Fig. 6b, c;
Table S1). The concentration of Br absorbing on the
[C1,iQuin]Br micellar interface is much higher than that of
[CsiQuin]Br and [C4iQuin]Br obtained by conductivity mea-
surements; consequently, the ability of hydrogen bonding
between H1, H7, and Br in [C;,1Quin]|Br aggregate is strang-
er than that of [CgiQuin]Br and [C4iQuin]Br.

Previous work [40] has indicated that N-heterocyclic
aromatic rings tend to stack, as the aromatic protons of
a molecule experience the aromatic ring current effect
from other nearby molecules. In the [C;,iQuin]Br micelle,
isoquinoline ring stacking has been justified by the shift
upfield of 'H resonances of the H3, H4, and H5 protons
and by the correlation peaks observed in the 2D NOESY
spectra arising from adjacent protons (inter-proton distance
usually within 0.5 nm). The 2D NOESY spectra of
[C121Quin]Br in D,O at concentrations of 2.5 mM
(<CMC) and 30 mM (>CMC) are shown in Figs. S2
and 8, respectively. In contrast to the results from a dilute
solution, additional correlation peaks (HI1-H2, H2-H3,
H6-H4, and H5-H4) were observed which confirmed the
formation [C;,iQuin]|Br micelle. This shows that the inter-
actions between these proton pairs in the neighboring
isoquinoline ring become strong enough to give rise to a
significant NOE. The corresponding cross-signal intensities
of the H7-H6 and H2-H3 are 11.01 and 8.73, respective-
ly. The ratio of the distances of the proton pairs ry7_pe
and 7 3 1s approximately 1.07 according to the litera-
ture method [41]. Taking into account isoquinoline’s rigid
bicyclic ring structure, the most likely conformer of adja-
cent isoquinolines is parallel stacking through the 7=
interactions. This conclusion is correspondent with the
reported results obtained using Meller—Plesset second-
order perturbation theory along with the GIAO method
for quinoline system [42]. In addition, protons Hl1 and

l LAl
H7-H10

=7

H1-H10

) F4 —~
vi g
‘ﬁ . = ts &
He-H4 Lg =
Homg | HSH4 L
H7-H6 \ f'/_ Ar7
H1-H2YY 7.
= " s
— K.
. ",' F9
—| & . - 1F10

9 8 7 6 5 4 3 2I 1 0
£2 (ppm)
Fig. 8 2D NOESY spectra of [C1,iQuin]Br (30 mM) in D,O at 298 K

H7 show relatively weaker shielding compared to others,
which can be understood from the availability to form
hydrogen bonding.

Even more interestingly, the resonance peaks of H2 and H6
multiplets move to downfield slightly and split into two clear
doublets gradually with the increase in [C;,iQuin]Br concen-
tration above the CMC (Fig. 6a). A plausible explanation for
the observed peak splitting of H2 and H6 is that H2 lies in a
more polar environment than H6 in the [C;,iQuin]Br micelle,
which means the folding of the aromatic moiety toward the
micellar core.

In the following section, we mainly focus on the chemical
shift values of alkyl chain protons including the H8 and
middle methylene groups (H10). The nature of the peak of
HS proton provides important information on the involvement
of the counterions in the micellization. The downfield shift of
the H8 proton for [C;,iQuin]Br molecule upon aggregation is

Fig. 9 Schematic representation of the structure of the [C;,iQuin]Br
micelle
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shown in Fig. 6a, which reveals that H-bond between the HS
and Br  is present upon aggregation of [C;,1Quin]Br. As for
[C4iQuin]Br and [CgiQuin]Br with shorter alkyl chain, the
upfield shift of H8 proton is observed as shown in
Fig. 6b, c, indicating that the contribution of H-bond is much
weaker than the case of [C;,iQuin]Br due to lower local
concentration between head group of [C,iQuin] and Br.
Interestingly, for [C,,iQuin]Br, the "H NMR spectrum of
H10 shows two large multiplets and a small shoulder multiplet
below the CMC. However, those peaks split into well-defined
peaks at upfield above the CMC. The similar phenomenon
was not observed in the [C4iQuin]Br and [CgiQuin]Br and
[C1,Pyr]Br (not shown). However, the results of peaks split
were observed in the 3-methyl-1-octylimidazolium chloride
[Cgmim]Cl [25] and amphiphilic lauryl esters of L-phenylala-
nine aqueous solutions [43] because of the folding of aromatic
moieties to the micellar core. Based on the examples men-
tioned above, the main effect factors of peak split can be
drawn. The "H chemical shift of IL alkyl chain canting toward
an aromatic head group upon aggregation in aqueous solution
is mainly affected by the (1) transition of hydrophobic chains
from water to the more hydrophobic core of the micelle
leading to a decrease in the polarity of the microenvironment
and a consequent downfield shift of the chain protons [44]; (2)
micelle-induced changes of the conformation of the surfactant
hydrophobic chain as from gauche to trans [45], which usually
makes the protons in the middle of the alkyl chain shift
downfield; and (3) diamagnetic anisotropy of the 7= conju-
gated system by the aromatic ring results in an unusual
shielding of the methylene groups and thus to an upfield shift
of their protons [46]. In all, micellization is expected to lead to
a downfield shift, provided that the contribution of other
shielding/deshielding mechanisms, such as from the surfac-
tant head group (if anisotropic), are not dominant [47]. The
cross peak between the protons H7 and H10 as well as
between those of HI-H10 shown in the 2D NOESY spectra
(Fig. 8) suggests that the CH, groups in the middle part of the
alkyl chain would have an opportunity to be close to the H1
and H7 due to some of these chains being forced to bend and
curve back [43, 48]. One can safely conclude that the packing
of the aromatic ring and aliphatic chain of [C;,iQuin]Br is in
proximity to each other within the micelle. The aromatic
moieties are folding to the micellar core. Accordingly, the
shielding of H10 protons shown in Fig. 6a could arise mainly
from the effect of the aromatic ring current. One can also
further infer that the difference in the position of the alkyl
chain with respect to the isoquinoline ring leads to different
shielding effects on CH, groups in the middle part of the alkyl
chain, and thus, upfield shifts of the H10 in various changes of
chemical shifts [49] and peak splitting were observed. Al-
though the results for NMR measurements above indicate
the orientation of aromatic ring in the [C;,iQuin]|Br micelle,
it is not possible to say with quite high confidence the

@ Springer

morphology of micelle in aqueous solutions. Here, a partial
schematic model of [C;,iQuin]Br micelle is shown in Fig. 9.

Conclusions

The micellization behavior of lauryl isoquinolinium bromide
([C1,1Quin]Br) in aqueous solution has been investigated
using various techniques. The surface activity as well as the
tendency of self-aggregate were demonstrated to be higher
compared with the parent [C;,Pyr]|Br and short-chain [C,.
iQuin]Br (n=4, 8). The charged phase separation model of
micellization has been applied to the conductivity of
[C1,1Quin]Br aqueous solutions, and it was found that the
enthalpy and entropy of micellization for [C;,iQuin]Br are
strongly temperature-dependent and compensate with each
other. Compared with [C,Pyr]|Br, the values of enthalpy
change at a specific temperature, AHy,;., is small. It is believed
that this variation is due to the dramatic difference in the
degree of aromatic rings stack between the isoquinoline ring
and pyridine ring as determined by further NMR analysis. The
aromatic moieties fold to the micellar core and stack parallelly
through the 7 interactions of adjacent isoquinoline rings on
the micellar interface.
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