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G R A P H I C A L  A B S T R A C T   

The Na+ binds with EO groups of in peaked-distribution AES (P-AES) more efficiently than in normal-distribution AES (N-AES), resulting enhanced 
thickening effect.  
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A B S T R A C T   

Alcohol Ether Sulfates (AES) are emerging as a potent category of surfactant in consumer product industry owing 
to their much better hard water resistance, foaming/wetting ability, and less irritating than alkyl sulfate. These 
excellent performances are attributed to the presence of oxyethylene (EO) chain between the hydrophilic and the 
hydrophobic portions which endows AES the combined advantages of both nonionic and anionic surfactants. 
Most strikingly, addition of NaCl would considerably enhance the viscosity of the aqueous solution of AES, which 
is very important for a better retention of the surfactant to the interacting substrate. Recent study shows that the 
number distribution of EO groups considerably affects this salt-thickening performance, yet its mechanism is not 
clear. We report in this work that the narrower number distribution of the EO groups in the AES chains would 
generate an order alignment of the stretched EO chains, which can then bind with Na+ efficiently to form su
pramolecular crown ethers. In contrast, as the EO numbers are polydispersed, it is hard for them to align orderly, 
resulting in poor supramolecular crown ether formation ability with Na+. As a result, the wormlike micelles 
formed in the AES with narrower EO number distribution has much pronounced salt-thickening effect. This 
finding may help people in relating fields to create products with desired performance.   
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1. Introduction 

Surfactants are a kind of amphiphiles with strong surface activity. 
Because of their functions in wetting, emulsification, foaming and sol
ubilization, they are widely used in various fields, such as oilfield in
dustry [1], food industry [2], nanotechnology [3], medicine and 
biotechnology [4,5], as well as in chemical industry for daily use [6,7]. 
Particularly, the surfactants for daily use need to display good washing 
effect, small skin irritation and environmental friendliness. Alcohol 
ether sulfates (AES) is a kind of such surfactants with a dodecyl chain 
tethered to a sulfate head by several ethylene oxide groups. The coex
istence of both sulfate and ethylene oxide groups renders AES the 
combined advantages of anionic and nonionic surfactants [8,9], which 
has attracted increasing attention in consumer product industry [10]. 

For the production of consumer products, sufficiently high viscosity 
is required to have better retention time on the applied surface. The 
viscosity of most products made with ionic surfactants can be promoted 
by shielding the electrostatic repulsions with inorganic salts. The vis
cosity of the aqueous solution of AES displays salt thickening effect as 
well [11]. However, it still remains challenging to further promote the 
viscosity of the AES solution with the same amount of inorganic salt. 
Because the number of the ethylene oxide (EO) in the chain of AES is not 
well-defined12, the entire chain lengths of AES molecules are different 
from each other in the same batch. As a result, the AES molecules in the 
wormlike micelles cannot arrange very orderly, leading to poor net
works [12]. We assume that if the distribution of the EO groups in the 
AES system is narrowed, the salt-thickening effect of the AES surfactant 
would be enhanced noticeably, promoting its performance in consumer 
products. 

Herein we report that this scenario indeed occurs. We show that the 
viscosity of the AES with a narrower EO distribution [13], which is 
termed with P-AES, is over 2 times of that of ordinary AES upon addition 
of the same amount of NaCl. This significantly enhanced viscosity allows 
generating better retention time, thus promotes the cleaning ability. 
Owing to the peaked-distribution of the EO groups, the entire-length of 
the molecules in the wormlike micelles are close to each other, so that 
they arrange more orderly than those formed with ordinary AES. As a 
result, the Na+ ions of NaCl are capable to cross-link the EO groups from 
different AES molecules via the formation of a pseudo “crown ether” 
[14], which we term as supramolecular crown ether, thus leading to a 
denser network that increases the viscosity. 

2. Experimental section 

2.1. Materials 

Two series of commercial AES were obtained from China Research 
Institute of Daily Chemical Industry. The other chemicals were obtained 
from Beijing Chemical Reagents Co. and were all of A.R. grade. Distilled 
water was purified through a Milli-Q Advantage A10 ultrapure water 
system. 

2.2. Sample preparation 

The samples were prepared by vortex mixing AES stock solution and 
NaCl solution, kept in 25 ◦C incubator at least 24 h before testing. The 
concentration for all solutions was expressed in weight percent (wt%). 
The final concentration of AES used in this study was 10%, and NaCl was 
from 0 wt% to 10 wt%. 

2.3. Rheological measurements 

The rheological measurements were performed by a Thermo Haake 
RS300 with a double-gap cylinder sensor (DG 41) or a cone-plate sensor 
(PP35 Ti). It could be chosen according to the fluidity of the sample. The 
double-gap cylinder sensor was used in low viscosity systems (< 1 Pa s) 

and cone-plate sensor was for high viscous system. All measurements 
were performed at 25 ◦C, controlled by a Thermo Haake C25P 
controller. The viscous properties were obtained by steady-state mea
surements, and the viscoelastic measurements were performed by 
oscillatory measurements from 0.1 to 10 Hz, ensuring the deformation 
was controlled in linear region. 

2.4. Transmission electron microscopy (TEM) 

TEM images were recorded on JEM-2100F Field-emission High 
Resolution Transmission Electron Microscope (Japan, 200kv). The 
samples were prepared by dropping solutions onto copper grids coated 
with the Formvar film. Excess water was removed by a filter paper, and 
the samples were dried in an ambient environment at room temperature 
for TEM observation. 

2.5. X-ray diffraction (XRD) 

Reflection XRD studies were performed using a model XKS-2000 X- 
ray diffractometer (Scintaginc). The X-ray wavelength was obtained 
from a Cu Kα1 beam (λ = 1.5406 Å) generated with a Cu anode. 

2.6. Surface tension measurements 

Dynamic Contact Angle Analyzer DCA-315(CAHN) performed the 
surface tension measurements at 25 ◦C. All solutions were prepared 
before texting at least 24 h. 

3. Results and discussions 

3.1. Basic information about the two AES samples 

Table 1 shows the composition of the peaked-distribution AES (P- 
AES) and the ordinary distribution AES (O-AES). The fraction of AES 
with inserted EO groups ranging from 1 to 3 is as high as 58 wt% in the 
P-AES system, whereas that in the O-AES system is only 42 wt%. 
Furthermore, the number of EO groups in P-AES system is more uniform, 
representing by the closed content of AES with 1, 2, and 3 EO group 
being 20 wt%, 22 wt%, and 16 wt%. In contrast, the corresponding EO 
number distribution in the ordinary AES system is 20 wt%, 13 wt%, and 
wt.9%, respectively. 

The aqueous solution of P-AES and O-AES has nearly the same sur
face properties and viscosity (Fig. S1). Addition of NaCl decreases the 
CMC and surface tension of the two AES solutions to the same extent 
(Fig. S1), and the maximum zero-shear viscosity occurs at similar NaCl 
concentrations (Fig. 1). However, the maximum zero-shear viscosity for 
the P-AES is over two times of that of the O-AES at the same concen
tration of NaCl, indicating the P-AES displays much better salt- 
thickening effect. 

Table 1 
The number of EO groups in the alcohol ether (AEO-n, n denotes the number of 
EO group). AEO will transform into AES after sulfonation. As n = 0, the sulfo
nation leads to formation of sodium dodecyl sulfonate(SDS).   

P-AES (wt%) O-AES (wt%) 

SDS 32.8873  45.0386 
AEO-1 20.3221  20.3738 
AEO-2 22.3912  13.7647 
AEO-3 16.132  9.005 
AEO-4 6.4922  5.5305 
AEO-5 1.4678  3.0829 
AEO-6 0.2282  1.5652 
AEO-7 –  0.5949  
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3.2. Rheological properties of the two salt-thickened AES solutions 

To reveal more structural insight, dynamic rheological measure
ments were performed for the two series of AES solutions with different 
NaCl concentrations, and the results are given in Figs. 2 and S2. All the 

thickened systems are featured by characters of visco-elastic fluids. At 
low frequencies(f), the viscous modulus G′′ is dominant over the elastic 
one, whereas the elastic modulus G′ becomes dominant at higher fre
quencies. At frequencies below the crossover G′ and G′′, the G′-f, G′′-f 
curves in the logarithmic coordinates are nearly linear correlation, and 
the complex viscosity |η*| is a constant, featuring the formation of 
wormlike micelles in all these salt-thickened systems [15]. In this re
gion, G′ and G′′ can be well fitted to the Maxwell model [16]: 

G′(ω) =
G0(ω • τR)

2

1 + (ω • τR)
2 (1)  

G′′(ω) = G0ω • τR

1 + (ω • τR)
2 (2)  

G′′2 +

(

G′ −
1
2
G0

)2

=
1
4
G2

0 (3) 

where G0 is the plateau modulus and τR is the relaxation time. Eq. (3) 
can be derived from Eqs. (1) and (2). The value of τR is calculated as the 
reciprocal of the frequency f, 1/2πf, which is obtained from the cross
over of G′ and G′′. It is noticed that the crossover in the P-AES system 
always occurs at a much lower frequency f for the same NaCl concen
tration, indicating the relaxation time τR is much longer. Table 2 records 
the experimental results obtained from Fig. 2, which reveals that the 
longer relaxation time is always accompanied by a larger viscosity. 
According to the theoretical description of the rheological behaviors for 

Fig. 1. The zero-shear viscosity of 10 wt% P-AES (black) and O-AES (red) after 
adding NaCl. 

Fig. 2. Small amplitude oscillatory rheology of 10 wt% P-AES(a/c/e) and O-AES (b/d/f) with adding 4 wt%–8 wt% NaCl.  
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wormlike micelles firstly reported by Cates, the longer τR is always 
corresponding to a high viscosity, which is resulted from the denser 
networks formed by wormlike micelles [11]. This means that denser 
networks are formed in the P-AES system. 

Further analysis of the rheograms was performed by taking G′ as the 
abscissa and G′′ as the ordinate to obtain a Cole-Cole plot. Fig. 3 shows 
the Cole-Cole plot for both systems. Semicircles with 1/2G0 as the center 
were obtained at different NaCl concentrations. G0 is a parameter 
describing the density of the network structure of the system, which is 
inversely proportional to the mesh size of the network. In Fig. 3, the G0 
of peaked-distribution systems increase with increasing the concentra
tion of NaCl for 4–8 wt%, indicating that the network structure is 
becoming denser. This means that binding of Na+ to P-AES continues as 
the concentration of NaCl increases from 4 wt to 8 wt%. At high fre
quencies, the plots deviate the theoretical Maxwell model. This phe
nomenon has been reported in many viscoelastic surfactant solutions, 
which is probably resulted from the “breathe modes” [15]. However, in 
O-AES system, the mesh size does not increase noticeably as the con
centration of NaCl reaches a certain value (5 wt%), indicating binding of 
Na+ to O-AES reaches equilibrium at about 5 wt% NaCl. Clearly, at the 
same NaCl concentration, the P-AES generally has a smaller mesh 
network size. It is noticed that the maximum viscosity occurs at 6 wt% 
NaCl for both systems, whereas the maximum G0 occurs at 8 wt% NaCl. 
Similar phenomenon was also reported by other groups[11], which is 
attributed to the formation of structures with higher elasticity induced 
by higher NaCl concentration. 

3.3. TEM study of the wormlike micelles formed in the two salt-thickened 
AES solutions 

The structural difference between the micelles formed in the two 
surfactant systems was further characterized by TEM. Fig. 4 shows the 
TEM images for the two systems with different NaCl concentrations. The 
upper and lower rows in Fig. 4 are the TEM image for the wormlike 
micelles in the P- and O-AES systems, respectively, with increasing NaCl 
concentration. It is clear that the network density of the wormlike mi
celles in the P-AES system (Fig. 4a/b) is significantly higher than that in 
the O-AES system (Fig. 4c/d) at both 4 wt% and 6 wt% NaCl, verifying 
that the enhanced salt-thickening effect in the P-AES system is origi
nated from the strengthened networks of wormlike micelles. 

3.4. Molecular origin of the enhanced salt-thickening ability of the P-AES 

The molecular origin of the significantly enhanced salt-thickening 
effect in the P-AES system than the O-AES is attributed to the different 
binding ability of EO chains with Na+. Alkaline metal ions are able to 
form pseudo-crown ether structures with poly EO [13,17,18]. Usually, it 
takes 5 EO to bind with 1 alkaline metal ions [17,18]. However, in case 
of the absence of poly EO, one alkaline metal ion is able to bind with 5 
EO from 5 parallelly arranged molecules [19], as illustrated in Scheme 
1a. Because the dominant number of EO groups per AES chain is in the 
range of 1–4, which sums to nearly 65 wt% over the entire composition. 
Specially, the AES chains with 1, 2, and 3 EO groups are concentrated at 
the close portions of 20 wt%, 22 wt%, and 16 wt%. This renders a 
relatively smooth hydrophilic surface for the resultant wormlike mi
celles (Scheme 1b). As a result, it is easier to find 5 EO groups from 5 
neighboring AES molecules to bind with 1 Na+ to form a “supramolec
ular crown ether”, as illustrated in the enlarged window in Scheme 1b. 
In contrast, the number of EO groups per AES chain in the O-AES chains 
are rather polydisperse (Table 1). As a comparison, the AES chains with 
1, 2, and 3 EO groups in the P-AES system are 20 wt%, 14 wt%, 9 wt%, 
respectively. However, the number distribution of EO groups in the 
O-AES system is rather wide. Table 1 shows that there are even 
considerable portion of AES with 4, 5, 6, and 7 EOs. The quite wide EO 
number distribution in the O-AES systems makes it impossible to have 
wormlike micelles with smooth hydrophilic surfaces (Scheme 1c). As a 
result, it is hard to find 5 neighboring EO groups at the same latitude to 
form similar supramolecular crown ethers, as illustrated in the enlarged 
windows in Scheme 1c. This means that binding of Na+ in the O-AES 
system is not as efficient as that in the P-AES system, which explains why 
the cole-cole plots in Fig. 3b for the O-AES systems almost overlap with 
each other as the concentration of NaCl exceeds 5 wt%. Furthermore, 
the significantly large fraction of SDS in the O-AES system (Table 1) than 
in the P-AES system is also disadvantageous for the binding of Na+. The 
data in Table 1 clearly shows that the weight fraction of SDS in the P-AES 
and O-AES system is ~ 32% and 45%, respectively; in line with this, the 
overall weight fraction of AES in the P-AES and O-AES system is ~ 67% 
and 54%, respectively. Since SDS has only one sulfate group to bind with 
Na+ electrostatically, it is obvious that the significantly larger fraction of 
AES in the P-AES system has much stronger Na+ binding ability than 
O-AES owing to the extra formation of supramolecular crown ethers. 

Since the binding of Na+ would introduce positive charges to the 
electroneutral EO portion, it will generate repulsion. As a result, the 
bilayer thickness will increase. The XRD patterns in Fig. 5a shows that 
the bilayer thickness in the P-AES system increases from 4.01 to 4.12 nm 
upon addition of 4 wt% NaCl, but the bilayer thickness noticeably de
creases to 4.09 nm as further increasing the NaCl concentration to 6 wt 
% and 8 wt% (Fig. 5a), which is due to shielding effect. In contrast, 
addition of 4 wt% NaCl to the O-AES system will significantly reduce the 
bilayer thickness from 4.35 to 4.09 nm (Fig. 5b), indicating NaCl prefers 
to shield the negative charges on the sulfate groups. This means that the 

Table 2 
The zero-shear viscosity (η0) and relaxation time (τR) of P-AES and O-AES sys
tems with NaCl.   

P-AES O-AES 

Concentration of NaCl η (Pa s) τR (s) η (Pa s) τR (s) 
4 wt% 11.14 0.145 4.2 0.045 
6 wt% 68.32 0.4 29 0.185 
8 wt% 12.02 0.06 7.3 0.039  

Fig. 3. Cole-Cole plots of P-AES (a) and O-AES (b).  
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disorderly arranged EO groups on the coarse surface of the wormlike 
micelles has poor ability of binding Na+, so that the added NaCl would 
prefer to shield the electrostatic charges on the sulfate groups. After that, 

binding of Na+ to from supramolecular crown ether would occur, which 
is reflected in the nearly constant bilayer thickness at the 4 wt% and 
6 wt% NaCl, but the noticeably increased bilayer thickness at 8 wt% 

Fig. 4. TEM of P-AES(a/b) and O-AES (c/d) with adding 4 wt% and 6 wt% NaCl.  

Scheme 1. (a) Illustration of the binding mode for one Li+ (green sphere) with five O (pink spheres) from five TPE-(EO)4-L2 molecules [19]. (b) Smoother surfaces 
caused by close EO chain lengths for the wormlike micelles in the P-AES system. The enlarged window shows the binding on Na+ (green sphere) with 5 EO (green 
chain and pink spheres) at the same latitude from neighboring 5 AES to form supramolecular crown ethers, and the share of EO chains by two supramolecular crown 
ether clusters. (c) Coarser surface caused by the different EO chain lengths for the wormlike micelles in the O-AES system. The enlarged window shows the binding of 
Na+ with separate supramolecular crown ether clusters. 
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NaCl (Fig. 5b). 
It should be pointed out that in case of no additional NaCl, the 

smaller bilayer thickness in the P-AES system (4.01 nm) than the O-AES 
system (4.35 nm) reflects the lack of long EO chains in the P-AES system. 
This is understandable since the long EO chains will increases the 
stretching length of the AES molecule. Furthermore, the narrower EO 
number distribution in the P-AES system also enables two binding 
clusters to share EO chains, as illustrated in Scheme 1b, which generates 
stiffer and denser networks. However, such a scenario can hardly occur 
in the O-AES system. For this reason, the salt-thickening effect is weaker 
in the O-AES system than the P-AES system. 

4. Conclusion 

In summary, we conclude that the enhanced salt-thickening effect in 
the P-AES system is attributed to the narrowed number distribution of 
the EO groups in the AES chain. The formation of supramolecular crown 
ether structure would be much easier upon addition of extra NaCl in the 
P-AES system, so that stiffening of the wormlike AES micelles becomes 
possible, leading to enhanced salt thickening effect. 
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