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Previous studies have shown that the addition of inorganic salts to lecithin organosols induces longwormlikemi-
celles that lead to organogels. The viscosity of themicellar solution greatly increases with the increasing concen-
tration of the inorganic salt until gelation, but interestingly, it dramatically drops after the gel regime. Although
the growthmechanism has been rationally proposed, the reason for the decrease in viscosity remains unclear. In
this study, we investigated the rheological behaviors and the self-assembled structures of the lecithin wormlike
micelles induced by LiCl, CaCl2, and LaCl3 in cyclohexane. We found that the decrease in viscosity accompanies a
shortening in the length of thewormlikemicelles.Meanwhile, the study on the interactions between lecithin and
the inorganic salts by FTIR shows that the inorganic salts move from the saturated phosphate and choline region
to the ester linkage region on lecithin as the viscosity drops. We suggest the movement of the excess inorganic
salts alters the effective molecular geometry, which in turn breaks the long wormlike micelle into short ones,
thus causing the viscosity to decrease. In other words, the binding sites of the inorganic salts in lecithin
headgroups is a key factor that determines the self-assembled structures of lecithin reverse micelles.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Amphiphiles, i.e., the molecules with hydrophilic segments and hy-
drophobic segments, can self-assemble into micelles both in aqueous
and organic solutionswhen exceeding the criticalmicelle concentration
[1]. In aqueous solutions, amphiphiles self-assemble into normal mi-
celles with the hydrophilic headgroups facing outward to contact
water and the hydrophobic tails burying in the cores [2–6]. The driving
force for normal micelles is the hydrophobic interaction [7,8]. In low-
polar organic solvents, amphiphiles organize reversely, so that the ag-
gregates are called reverse or inverted micelles. The driving force for
the reverse micelles is the interaction between the headgroups of am-
phiphiles, such as electrostatic interaction and hydrogen-bonding inter-
action [9–15]. In addition to the commonly-seen spherical micelles,
wormlikemicelles that are cylindrical in shape have drawnmuch atten-
tion due to their capability to entangle one another to significantly in-
creases the solution viscosity, similar to the rheological behaviors of
polymer chains. The shape of the self-assembled structures of amphi-
philes can be simply explained by the theory of critical packing param-
eter (CPP) [16], which is defined by the ratio of the tail area to the
headgroup area of amphiphiles.

Lecithin, a mixture of glycerophospholipids, is well-known to form
reverse spherical or ellipsoidal micelles in a range of low-polar organic
solvents. Themain component in lecithin is illustrated in Fig. 1. The pre-
vious studies have shown that the lecithin reverse spherical micelles
can be transformed into reversewormlikemicelles by incorporating ad-
ditive molecules, such as water [11,17–20], bile salts [13,21–23], inor-
ganic salts [12,14,24–26], and others with highly polar groups [27,28],
into lecithin solution. The additives alone are generally insoluble in
the low-polar organic solvents but become soluble in the presence of
lecithin, indicating that there is an attractive force binding the additives
and lecithin headgroup. Such a transformation is attributed to either the
expansion of the lecithin headgroup area by insertion of the additives
[13,21–23] or by straightening the lecithin tails that reduce the tail
area due to the strong additive-lecithin attraction force [12,14,24],
both ofwhich alter the effectivemolecular geometry to a CPP that favors
the formation of cylindrical micelles. The long, flexible cylindrical mi-
celles thus increase the solution viscosity and even impart viscoelastic
properties or further cause gelation. For the additives with large molec-
ular size, such as bile salts [22], the viscosity increases monotonically
with the concentration of the additives, that is, the viscosity keeps in-
creasing until a critical additive concentration above which the solu-
tions phase separate due to the insolubility of the additives in the
solvents. In other words, the lecithin headgroup is unable to accommo-
date the bulky additives above the critical additive concentration. How-
ever, for small additives, such as water and inorganic salts
[10–12,14,24,26,29], it is interesting that instead of monotonic increase,
the viscosity reaches a maximum and then decreases until a phase sep-
aration occurs as the additive concentration increases. The viscosity
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Fig. 1.Molecular structure of lecithin used in this study.
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curves (in blue) shown in Fig. 2 are the examples caused by the inor-
ganic salts.
Fig. 2. Viscosity η0 and FTIR band shifts Δv of choline, phosphate, and carbonyl group on
lecithin in cyclohexane at 25 °C as functions of S0 for (a) LiCl, (b) CaCl2, and (c) LaCl3.
Only the data of homogeneous samples are shown. The samples behave as gels in the
shadow regions. Top images show the flow behaviors of the samples in different regimes.
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The drop of the viscosity is intriguing. Shchipunov et al. proposed a
mechanism to explain this phenomenon by investigating the rheologi-
cal properties of the lecithin reverse wormlike micelles induced by
water in n-decane [30]. They found that the dependence of the viscosity
on the solute concentration follows the power law of linear micelles
[31,32] in the regime where the viscosity increases and follows the
power lawof branchedmicelles [33–35] in the regimewhere the viscos-
ity decreases. They thus concluded that the drop of viscosity is due to
the transformation of linear cylindrical micelles to branched ones.
They also utilized FTIR to investigate the hydrogen-bonding interaction
betweenwater and the functional groups on lecithin and suggested that
the formation of the branchmicelles is associatedwith themovement of
the excess water molecules to the ester linkage region on lecithin when
the primary binding site PO4

− is saturatedwith water. In another report,
though not focusing on the viscosity drop, Njauw et al. investigated the
reverse micelles formed by lecithin mixed with bile salts/acids and
found that for the bile salts/acids that insert into the ester linkage region
on lecithin, their capability to enhance the viscosity is much lower than
those that mainly locate in the phosphate and choline region [13].

Based on the above results, we believe that the location of the addi-
tives in the lecithin headgroup is key to determine the self-assembled
structure and the corresponding rheological property of the lecithin re-
verse micelles. In this study, we explore the mechanisms for the de-
crease in the viscosity of the reverse micellar solutions as the additive
exceeds a critical concentration. We adopt the systems of lecithin
mixed with inorganic salts in cyclohexane. The inorganic salts we used
include LiCl, CaCl2, and LaCl3, all of which are halide salts with the cat-
ions of different valences and can induce organogels at specific molar
ratio of salt to lecithin. We investigated the rheological properties of
the solutions and utilized the scattering and FTIR techniques to probe
the self-assembled structures and the interactions between lecithin
and the inorganic salts, respectively. Instead of the mechanism involv-
ing the transformation of linear micelles to branched micelles previ-
ously reported, we propose an alternative mechanism based on the
change of the effective molecular geometry caused by the location of
the inorganic salts to explain the growth and the shortening of the re-
verse wormlike micelles as the concentration of the inorganic salts
increases.

2. Experimental section

2.1. Materials

The soybean lecithin (95% purity) was purchased from Avanti Polar
Lipids, Inc. Inorganic salts, LiCl, CaCl2, and LaCl3, were in anhydrous form
and the purities of all inorganic salts were higher than 99.9%. The pu-
rities of the anhydrous solvents, methanol and cyclohexane, were
both 99.9%. All the salts and solvents were purchased from Sigma-
Aldrich. All chemicals were used as received.

2.2. Sample preparation

Lecithin and inorganic salts were dissolved in anhydrous methanol
to form 100 mM stock solutions, respectively. The stock solutions
were then mixed with the required inorganic salt/lecithin molar ratio.
After mixing, the samples were placed in a vacuum chamber to remove
most methanol and then further dried in a vacuum oven at 55 °C for



Fig. 3. Dynamic rheology of (a) LiCl, (b) CaCl2, and (c) LaCl3 samples in the gel regimes at 25 °C. The concentration of lecithin is 100 mM in cyclohexane.

Fig. 4. SAXSdata of LaCl3/lecithin in cyclohexane at a lecithin concentration of 20mMwith
varying S0. Model fits are shown as the solid curves through the data.
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72 h. Our previous study shows that after this processing, the molar
ratio of lecithin to the residual water tightly bound to phosphate of lec-
ithin is about 1:0.9 as determined by 1H NMR [21]. The dried samples
were added with cyclohexane at the desired concentrations and then
stirred at 65 °C until the solutionswere homogeneouslymixed. All sam-
ples were equilibrated at room temperature for 3 days before
experiments.

2.3. Rheology

Dynamic and steady-shear rheological experimentswere performed
on a Discovery HR-2 stress-controlled rheometer (TA instruments). The
parallel-plate and cone-and-plate geometries were utilized with a sol-
vent trap to minimize the evaporation of cyclohexane. All samples
were studied at a lecithin concentration of 100 mM at 25 ± 0.1 °C. Dy-
namic rheology was studied in the linear viscoelastic regime deter-
mined by strain sweep tests. For steady-shear experiments, the data at
each shear rate were collected after a sufficient time that allows the
samples to reach steady state.

2.4. Fourier transform infrared spectrometry (FTIR)

FTIR transmission spectra were collected by a Perkin-Elmer Spec-
trum 100 FTIR spectrometer. Samples of 100mM lecithin with different
inorganic salt/lecithin molar ratios were loaded on the KBr liquid cell
and measured in the wavenumber ranged from 450 to 4000 cm−1 at
25 °C. All spectra were collected under an accumulation of 16 scans at
1 cm−1 resolution. The signals of pure cyclohexane were subtracted
from all the spectra.

2.5. X-ray scattering

Small/wide angle X-ray scattering (SAXS andWAXS) were made on
BL23A in National Synchrotron Radiation Research Center (NSRRC),
Taiwan [36]. For the SAXS experiments, the concentration of lecithin
was diluted to 20 mM to remove the structure factor while that for
the WAXS experiments was 100 mM. All the experiments were con-
ducted at room temperature. The scattering of pure cyclohexane was
taken as the background reference. The data were collected on a Pilatus
1 M-F detector and are shown as scattering intensity I versus wave vec-
tor q = 4πsin(θ/2)/λ, where θ is the scattering angle and λ is the
wavelength.

2.6. SAXS modeling

Themodeling of SAXS datawas performed using the codes provided
by NIST that are run in the Igor Pro software [37]. For dilute solutions of
non-interacting scatterers, the SAXS intensity I(q) is contributed from
the form factor P(q). In this study, we utilized the models of ellipsoid
3

and cylinder with polydisperse length to fit the data, which are de-
scribed below.

2.6.1. Ellipsoids
The form factor of ellipsoids with minor and major axes Ra and Rb is

given by [38].

P qð Þ ¼ Δρð Þ2 4
3
πRaR

2
b

� �2 Z1

0

3
sin x−x cos xð Þ

x3

� �2
dμ ð1Þ

where x ¼ q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2R2

b þ R2
a 1−μ2ð Þ

q
ð2Þ

Δρ is the difference of the scattering length density between scatterer
and solvent. μ is the cosine of the angle between the wave vector q
and the symmetry axis of ellipsoids.



Table 1
Fitting parameters from SAXS modeling.

S0 Ra (Å) Rb (Å) Rc (Å) L0 (Å) pd

0 12.04 ± 0.06 28.55 ± 0.06
0.15 16.45 ± 0.04 62.50 ± 1.80 0.79
0.25 16.42 ± 0.02 242.70 ± 1.93 0.53
0.35 16.44 ± 0.02 1325.57 ± 9.09 0.16
0.45 16.63 ± 0.02 1010.88 ± 6.46 0.59
0.50 16.68 ± 0.02 74.52 ± 0.38 0.78
0.60 16.93 ± 0.07 41.99 ± 1.01 0.63
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2.6.2. Cylinders with polydisperse length
The form factor of a cylinder is given by [38].

P qð Þ ¼ Δρð Þ2 πRc
2L

� �2
Zπ=2

0

F q,αð Þ½ �2 sinα dα ð3Þ

F q,αð Þ ¼ J1 qRc sinαð Þ
qRc sinαð Þ ⋅

sin qL cosα=2ð Þ
qL cosα=2ð Þ ð4Þ

where L is the length of cylinder and Rc is the radius. α is the angle be-
tween the wave vector q and the cylinder axis. J1(x) is the first-order
Bessel function of the first kind, given by

J1 xð Þ ¼ sin x−x cos x
x2

ð5Þ

For cylinders with polydisperse length, the form factor is averaged
over the length distribution as follows

P qð Þ ¼
Z

f Lð Þ⋅P q, Lð ÞdL ð6Þ

where P(q,L) is the form factor of a cylinder with length L (eq. 3). The
polydispersity of length is described by the Schulz distribution f(L),
given by

f Lð Þ ¼ zþ 1
L0

� �zþ1 Lz

Γ zþ 1ð Þ exp − zþ 1ð Þ L
L0

� �
ð7Þ

where L0 is the average length, Γ is the Gamma function, and z is a pa-
rameter related to the distribution width. The polydispersity index pd
is defined by

pd ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
zþ 1

p ð8Þ
Fig. 5. Pair distancedistribution functionsp(r) versus r obtained by IFT analysis of the SAXS
data for the LaCl3/lecithin mixtures. The inset is the enlarged plot of p(r) at r < 120 Å.
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2.7. Indirect Fourier transformation (IFT) of SAXS data

The SAXS data were also analyzed by the indirect Fourier transfor-
mation (IFT) method that requires no presumption of model. First, the
incoherent background determined from the slope of the Porod plot
(Iq4 vs. q4) at high q was subtracted from the scattering intensity. The
subtracted scattering intensity I(q) was then Fourier-transformed into
the pair distance distribution function p(r) in real space. For non-
interacting scatterers, the relationship of I(q) and p(r) is given by [39]

I qð Þ ¼ 4π
Z ∞

0
p rð Þ sin qrð Þ

qr
dr ð9Þ

The IFT analysis was conducted by the commercial PCG software
package. The data are shown as p(r) versus r, which provides the size
and the shape of the scatterers.

3. Results and discussion

3.1. Phase behaviors and rheological properties

Lecithin alone in lowpolar organic solvents self-assembles into ellip-
soid micelles, which is nearly spherical micelles [12,21], and the viscos-
ity is as low as that of cyclohexane below overlapping concentration
[14]. The inorganic salts used in this study were LiCl, CaCl2, and LaCl3,
which are unable to dissolve in cyclohexane but become soluble in the
presence of lecithin. We first discuss the phase behaviors and rheologi-
cal properties of themixtures with varying inorganic salt/lecithin molar
ratio S0.

The dependence of the zero-shear viscosities (η0) on S0 for the inor-
ganic salt/lecithinmixtureswith lecithin concentrationfixed at 100mM
are shown as the blue curves in Fig. 2. The steady shear viscosity data for
the three salts are shown in Fig. S1, S2, and S3 of the supplementary
data. In the shadow regions, no viscosity plateau is detected at low
shear rate and the samples behave as gels. The data end at the S0
below which the samples remain homogeneous and transparent, and
Fig. 6. WAXS data of LiCl/lecithin in cyclohexane at a lecithin concentration of 100 mM
with varying S0. The asterisks indicate the extra humps at S0 = 0.8 in the gel regime.
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the samples turn to be cloudy above this limit. Taking the LiCl salt in
Fig. 2a as an example, at S0 < 0.4, the viscosity is as low as that of pure
lecithin in cyclohexane. At S0 = 0.5, the viscosity increases markedly
and the solution flows slowly in an inverted vial, indicating that the
spherical micelles gradually transform into wormlike micelles that are
sufficiently long to entangle one another. For S0 between 0.6 and 0.9,
the samples cannot flow in an inverted vial (see the photograph on
the top of Fig. 2a). At this stage, the length of the wormlike micelles is
long enough to cause a transient network with very long relaxation
time such that no viscosity plateau can be measured by the rheometer
in a practical time scale. In other words, the samples show a gel behav-
ior. Interestingly, as S0 keeps increasing, the viscosities drop dramati-
cally and the samples restore the fluidity in an inverted vial. The S0
where the organogels turn into organosols is denoted as Scr, and for
LiCl/lecithin mixtures, Scr is 1.0. At S0 > Scr, the viscosity is as low as
that before gelation, and the samples remain transparent until the
phase separation occurs at S0= 1.6. The viscosity changes for CaCl2/lec-
ithin and LaCl3/lecithin mixtures are similar to that of LiCl/lecithin but
the S0 for the gel formation and Scr are lower, 0.35 and 0.40, respectively,
for both CaCl2 and LaCl3, and the samples phase separate at S0 > 0.7.

The viscoelasticity of the organogels were investigated by dynamic
rheology. Fig. 3 shows the elastic modulus (G′) and viscous modulus
(G″) as functions of angular frequency (ω) for LiCl, CaCl2, and LaCl3
organogels at lecithin concentration 100 mM and S0 = 0.9, 0.35, 0.35,
respectively. The dynamic rheology of the LiCl organogels formed at
other S0s are shown in Fig. S4. For all the samples in Fig. 3, G′ is higher
than G″ in the entire angular frequency range, indicating a dominant
elastic response of the organogels. However, unlike the true gel whose
moduli are frequency-independent, the moduli decay with decreasing
frequency and the gap between G′ and G″ become narrower in these
cases. Therefore, a long but finite relaxation time is expected for these
samples. Such a rheological response is regarded as a gel-like behavior,
not the typical criterion of true gels. The samples perform a gel-like be-
havior may be due to the formation of a transient network in the solu-
tions by the entanglement of the exceedingly long and robust
wormlike micelles that are unable to fully relax in practical time scales.

3.2. SAXS and WAXS

3.2.1. SAXS
The evolution of the self-assembled structures of the inorganic salt/

lecithin mixtures in cyclohexane with S0 was probed by SAXS at 25 °C.
The concentration of lecithin was diluted to 20 mM to eliminate the
structure factor because the main purpose of this study was to investi-
gate the shape and size of the reverse micelles. The SAXS data for
LaCl3/lecithin mixtures with different S0 are shown in Fig. 4, and those
of the LiCl and CaCl2 systems are shown in Fig. S5 and S7. The experi-
mental data are presented as the circles and the solid curves through
the data are the model fittings. The pure lecithin sample (S0 = 0) was
fitted by the ellipsoid model (eq. 1–2) while the others were fitted by
the cylinder model with polydisperse length (eq. 3–8). The fitting pa-
rameters are listed in Table 1.

In Fig. 4, the SAXSprofile of the pure lecithin (S0=0) is relativelyflat
in the low q range, which can be modeled by a disk-like ellipsoid (ob-
late) with short axis Ra = 12 Å and long axis Rb = 29 Å. As S0 increases
from 0.15 to 0.35 between which the viscosity increases and the gela-
tion occurs, the intensities of the profiles at low q gradually increases
and the slope approaches −1, a scattering characteristic of cylinders.
From the modeling, the length of the reverse cylindrical micelles longi-
tudinally increases from 63 Å to 1326 Å. At S0 = 0.45, the profile is sim-
ilar to that at S0 = 0.35, only a slight decrease in length to 1011 Å. For
S0 > 0.45where the viscosity dramatically drops, the slopes at low q sig-
nificantly decreaseswith the increasing S0 and the length of themicelles
decreases to 42 Å at S0 = 0.60. The SAXS data can correlate with the
change of viscosity well. At S0 < 0.25, the micelles are either elliptic or
short-cylindrical in shape, which canmove freely, and thus the viscosity
5

is low. Between S0= 0.30–0.40, the reversemicelles grow into long and
flexible cylinders that entangle one another to greatly enhance viscosity
and even lead to gelation. Near Scr at 0.40, the length of the micelles re-
duces and the viscosity decreases accordingly as S0 > Scr.

In addition to the information of the length extracted from the low q
range, the downturn around q= 0.1–0.2 Å−1 provides the information
about the radius of the cylindrical micelles. In Table 1, the modeling
shows that the radius Rc of the reverse wormlike micelles slightly in-
creases from 16.45 Å at S0 = 0.15 to 16.93 Å at S0 = 0.60. Therefore,
the addition of LaCl3 affects not only the length but the radius of the re-
verse micelles. The scattering contrast for SAXS in the present system
originates from the difference of the electron density between the leci-
thin headgroup coupled with inorganic salts and the tails swollen in cy-
clohexane. In other words, the radius obtained from the SAXS data is
roughly the radius of the hydrophilic core of the cylinders, which is
smaller than that obtained from the neutron scattering [12,14]. Since
the inorganic salt are heavier than the organic lecithin headgroup, the
location of the inorganic salts in the headgroupmay play a role in the ra-
dius extracted from the SAXS modeling. The increasing radius implies
that LaCl3 gradually moves to the periphery of the hydrophilic core of
the reverse micelles as S0 increases, i.e., toward the ester linkages be-
tween the headgroups and the hydrophobic tails of lecithin, which we
believe is responsible for the shortening of the chain length, as will be
discussed in the mechanism section. The SAXS data of the LiCl/lecithin
and CaCl2/lecithin mixtures in Fig. S5 and S7 show similar trends of
the length and radius changes with S0 to that of LaCl3 but the transition
of the length may not exactly follow the viscosity change, which is pos-
sibly due to the different concentrations used in the rheological and
scattering measurements.

In addition to themodeling, the SAXS data were analyzed in a differ-
ent way by the IFT technique [39]. The pair distance distribution func-
tions p(r) calculated by the IFT method for the SAXS data of the LaCl3/
lecithin mixtures in Fig. 4 are shown in Fig. 5, and those of the LiCl
and CaCl2 systems are shown in Fig. S6 and S8, respectively. For the
pure lecithin, p(r) is almost symmetrical, indicative of nearly spherical
micelles. The point where p(r) meets the x-axis presents the largest di-
mension of the micelles, which is at r=60 Å and is consistent with the
double of Rb obtained from the SAXS modeling. As S0 increases, the p(r)
shows an inflection and then an approximately linear decrease to zero,
indicating that the micelles turn to be cylindrical. In these cases, the r
value where the p(r) drops to zero is the length of cylinder [39,40].
For the LaCl3 system, the length of reverse wormlike micelles increases
greatly from82Å at S0=0.15 to 1657Å at S0=0.35, and thendecreases
sharply with increasing S0 at S0 > 0.45, in good agreement with the
SAXS fitting parameters.

3.2.2. WAXS
TheWAXS technique was used to investigate themolecular packing

of lecithin in the reverse micelles with varying S0 at a high lecithin con-
centration of 100 mM. Fig. 6 shows the WAXS data for the LiCl system.
The pure lecithin (S0 = 0) and the sample at S0 = 0.35 show a broad
peak at q=1.4 Å−1, which is the scattering halo from the loose packing
of the lecithin molecules in the micelles. At S0 = 0.8 where the gelation
occurs, in addition to the 1.4 Å−1 peak, three extra humps at 1.7 Å−1,
2.0 Å−1, and 2.3 Å−1 appear, implying a regular molecular packing in
the micelles of the LiCl-induced gel. Beyond the gel regime (S0 = 1.2
and 1.4), the extra peaks disappear and the lecithin molecules are re-
stored to the state of loose packing.The WAXS data reveal that the reg-
ular arrangements of lecithin occur only in the gel state where long
cylindricalmicelles are formed. At low S0, the lecithinmolecules arrange
loosely in the nearly spherical or short cylindrical reverse micelles. At
S0 > Scr, the length of the micelles is shortened and simultaneously
the packing of the lecithin molecules turns back to the loose state. The
WAXS data of the CaCl2/lecithin and LaCl3/lecithin organogels are
shown in Fig. S9. The extra humps that appear in the LiCl gel cannot
be clearly seen in the CaCl2 and LaCl3 gel. We speculate that the 1:1
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binding between Li+ and PO4
− on the lecithin headgroup is favorable for

molecular packing while 1:2 and 1:3 bindings for Ca2+ and La3+ may
cause a crowding effect of the lecithin molecules around the high-
valence cations and thus are unfavorable for a regular packing. This
point will be elaborated in the mechanism section.

3.3. FTIR

The rheology data and scattering data have shown that inorganic
salts play an important role in the structures of the lecithin reverse
wormlike micelles. In this section, the FTIR techniques were utilized to
investigate the interactions between the inorganic salts and the func-
tional groups, includingphosphate (PO4

−), choline (CN(CH3)3+), and car-
bonyl group (C = O), on lecithin to clarify the effects of the inorganic
salts. The FTIR spectra of CaCl2/lecithin mixtures are shown in Fig. 7
and those of the LiCl and LaCl3 systems are shown in Fig. S10 and S11.

3.3.1. Phosphate
As the inorganic salts are mixed with the zwitterionic lecithin, they

dissociate intometal cations andhalide anions due to the strong electro-
static attraction between the metal cation ions and PO4

− on lecithin,
which is regarded as the primary force to induce the growth of worm-
likemicelles [14]. It has been reported that the asymmetrical vibrational
mode of PO4

− on lecithin dissolved in organic solvents is located at
~1260 cm−1, and the band shifts to lower wavenumber (redshift)
after inserting water [11] or inorganic salts in the lecithin headgroups
[14]. Fig. 7a shows that the absorption band of PO4

− on pure lecithin in
cyclohexane is located at 1262 cm−1, and it gradually redshifts to
1248 with increasing amount of CaCl2 until S0 = 0.4, indicating that
more Ca2+ ions are bound to PO4

− until the gel is formed. As S0 > 0.4,
the band stops redshifting, implying that the excess Ca2+ ions are no
longer bound to PO4

− above Scr [11]. The band shift (Δv) of PO4
− is com-

pared to the viscosity curves with S0 in Fig. 2b (orange curve) where we
can see the viscosity increases with increasing strength of Ca2+ − PO4

−

until the formation of organogels, and then drops dramatically when
the binding between Ca2+ and PO4

− is saturated. Similar trends are
found for the LiCl or LaCl3/lecithin mixtures in Fig. 2. The bands of
PO4

− above Scr show some variations. This is possibly related to the
Fig. 7. FTIR absorption spectra of (a) phosphate, (b) choline, and (c) carbonyl group
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fluctuation phenomenon near phase separation. Since the lecithin/inor-
ganic salt systems above Scr are about to phase separate, the salt concen-
tration tends to locally fluctuate and an inhomogeneity in the solutions
occurs. The local aggregation of saltsmay affect the interaction between
the salts and PO4

−. Because the interaction between LaCl3 and lecithin
headgroup is the strongest, the LaCl3 system shows the most pro-
nounced variation.

3.3.2. Choline
Fig. 7b shows the absorption band of the choline on lecithin in the

CaCl2/lecithinmixturewith varying S0. The choline band of pure lecithin
in cyclohexane is at 969 cm−1. As S0 increases, opposite to PO4

−, the
band shifts to higher wavenumber (blueshift) until S0 = 0.35 and
then nearly fixes at 971 cm−1. The shift of the choline band with S0 is
shown as the red curve in Fig. 2b. For pure lecithin in cyclohexane, the
C–C single bond of O − C − C − N on lecithin tends to adopt a gauche
conformation so that the positively charged choline associates with
the negatively charged PO4

− on the neighbor lecithin molecule [11],
which is the driving force for the formation of the reverse micelles. In
the mixture, choline should become bound to the negatively charged
Cl− dissociated from the salt as Ca2+ is strongly attracted to PO4

− [14].
At S0 > Scr, the nearly constant choline band suggests that the amount
of CaCl2 in the ionic region of the lecithin headgroup is saturated near
Scr, in agreement with the shift of the PO4

− band. Similar changes of
the choline band can be seen in LiCl and LaCl3 samples, as shown in
Fig. 2.

3.3.3. Carbonyl
It has been reported that the stretching band of C=O on the ester

linkage of pure lecithin dissolved in methanol is at 1744 cm−1 [13].
Fig. 7c shows the C=O band of pure lecithin in cyclohexane is at
1740 cm−1, a redshift from that inmethanol. Different from the isolated
lecithin molecules dissolved in methanol, lecithin in cyclohexane
self-assembles into nearly spherical micelles where the lecithin mole-
cules aggregate. The polar C=O therefore forms strong dipole-dipole in-
teraction with neighbor C=O to cause the redshift [14]. As S0 increases,
the band further shifts to lower wavenumber until S0 = 0.35 in the gel
regime although the redshift (1734 cm−1 at S0 = 0.35) is not as
on lecithin for the CaCl2/lecithin mixtures at varying S0 in cyclohexane at 25 °C.



Fig. 8. Pure lecithin with swollen tails with large CPP forms nearly spherical micelles in cyclohexane. The binding of inorganic salts to the phosphate and choline on lecithin leads to more
straightened tails and thus the CPP decreases to cause the longwormlikemicelles. Asmore inorganic salts are added, the excess salts insert into the ester linkage on lecithin anddisrupt the
straightened tails, which in turn increases CPP to shorten the cylindrical micelles.
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pronounced as that of PO4
−. This is attributed to the strong binding be-

tween Ca2+ and PO4
− that holds the lecithin molecules more tightly to

enhance the dipole-dipole interaction between C=O groups [14]. At
S0 > 0.4 where the binding between Ca2+ and PO4

− is saturated, inter-
estingly, the C=O band moves to higher wavenumber (blueshift) with
increasing S0, back to 1738 cm−1 at S0 = 0.7. This indicates that the in-
termolecular C=O dipole-dipole interaction is weakened in the pres-
ence of the excess CaCl2.

The shifts of the C=Obands for the three salts are shown as the pink
curves in Fig. 2. All the salts show similar shift curveswith theminima in
the gel regimes. This phenomenon can be explained as follows using
CaCl2 as an example. Above Scr, since the binding between Ca2+ and
PO4

− is saturated, the excess CaCl2 move from the PO4
− and choline re-

gion to the polar ester linkage region where CaCl2 is less dissociated
due to the stronger Ca2+ ̶ Cl− electrostatic interaction over the Ca2+-
Oδ- ion-dipole interaction. Instead of binding to C=O, the less dissoci-
ated CaCl2 mainly serves as a spacer that separates the C=O groups
and weakens their dipole-dipole interaction, thus causing a blueshift
in FTIR. The movement of CaCl2 to the ester linkage region agrees with
the increase in the cylinder radius as S0 increases, as evidenced by the
SAXS modeling (Table 1). Note that the molar ratio of CaCl2 in the
ester linkage region before phase separation is low, and thus CaCl2
tends to weakly interact with the C=O rather than self-aggregate in a
large scale. Some local aggregation may occur near the phase-
separation critical point, but this doesn't affect the transparency of the
samples.

3.4. Mechanisms

It has been well known that the self-assembled structure of amphi-
philes in solutions is governed by the rule of CPP [16]. As shown in the
schematic of Fig. 8, for pure lecithin in cyclohexane, the hydrophobic
tails swell in the cyclohexane, leading to a larger tail area compared to
headgroup area, which causes an effective molecular geometry that fit
the curvature of nearly spherical reverse micelles. Below Scr, the inor-
ganic salts dissociate and the cation and anion bind to PO4

− and choline
on lecithin headgroup, respectively. The binding of the inorganic salts
holds lecithinmore tightly through the strong electrostatic interactions,
as revealed by the redshifts of C=O absorption bands. The lecithin
molecules are thus more straightened and more densely packed, as ev-
idenced by the WAXS for the LiCl gels, which reduces the tail area and
transforms the nearly spherical micelles into cylindrical ones. The cylin-
drical micelles are long and robust enough to form a transient network
7

with a long relaxation time so that the viscosity is greatly increased and
the solutions even behave like a gel. In the cartoons of Fig. 8, the blue
cores of the micelles are approximately composed of the hydrophilic
lecithin headgroups and the inorganic salts. The radii of the cores can
be determined by the SAXSmodeling due to the higher electron density
compared to the hydrophobic tails swollen in cyclohexane.

Once the PO4
− and choline are saturatedly bonded with the salts, the

excess salts move to the ester linkages, which is supported by the in-
creasing radius estimated from the SAXS modeling. The excess salts
only weakly interact with the partially negatively charged Oδ- on the
ester linkages and thus they work as the spacer that separates the
tails, as evidenced by the blueshifts of the C=O band above Scr, which
in turn disrupts the regular packing of the tails and the tail area expands
accordingly. Such an effective molecular geometry that fits higher cur-
vature structure causes the formation of more hemispherical endcaps,
and thus the long cylindrical micelles break into short ones. This ex-
plains why the viscosity sharply decreases. In addition to the inorganic
salts, it has been reported that the insertion of bile salts into PO4

− and
choline region causes an increase in the viscosity of the lecithin reverse
micellar solutionswhile the insertion of bile acids into the ester linkages
does not have the same effect [13]. All the results manifest the crucial
role of the binding location of the additives in the structure and rheolog-
ical behaviors of lecithin reverse micelles.

Lastly, the effects of the salt valence are discussed. The experimental
data reveal that Scr is valence-dependent and is approximately the salt/
lecithin molar ratio where the binding between salts and PO4

− on leci-
thin is saturated. Scr for LiCl is 1.0, which is rational because tomaintain
electrically neutral, onemonovalent cation Li+must bind to onemono-
valent anion PO4

−. As expected, Scr for CaCl2 is 0.4, indicating one Ca2+

approximately bind to two PO4
− groups. However, for the trivalent

LaCl3, Scr is still 0.4, not lower. We speculate that because the lecithin
headgroup is much bulkier than the cations, three PO4

− groups are too
crowded to bind to one La3+ together and thus it is possible that only
two PO4

− groups and one Cl− make the binding with La3+, which ex-
plains why Scr is the same as the divalent CaCl2. The crowding effect
found in the multivalent salts may be responsible for the less regular
packing of lecithin molecules in gels induced by CaCl2 and LaCl3 as
shown in the WAXS measurements (Fig. S9).

4. Conclusions

In thiswork,we shed light on themechanisms for the structural evo-
lution of lecithin reverse wormlike micelles. We systematically study
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the lecithin reverse worms induced by inorganic salts, and correlate the
rheological properties with the self-assembled structures and the inter-
actions between lecithin and salts. Our main finding is that as the inor-
ganic salts primarily bind to the phosphate and choline on lecithin
headgroup, the lecithin tails are straightened and the lecithin reverse
micelles tend to grow longitudinally, which causes the viscosity to in-
crease. Once the phosphate and choline are saturated and the excess in-
organic salts move to the ester linkages, the salts trigger a fluctuation of
the tails, which is unfavorable for the formation of long micelles and
thus the viscosity decreases. The results highlight the importance of
the location of the inorganic salts in the self-assembly of lecithin reverse
micelles. We believe that this argument can also be applied to themore
widely studied lecithin/water/organic solvent systems. Moreover, al-
though we focus on the reverse system, the findings in this work may
be significant as well for the aqueous systemswhere the interaction be-
tween the inorganic salts and lipid bilayers is critical in physiological
functions.
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