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Interface dilational rheology is useful for understanding and exploring the role of interface phenomena.

However, relatively few studies have been conducted on the interface dilational rheological properties of

N-acyl aromatic amino acid surfactants. Herein, surface tension and the dynamic interface tension and

dilational rheological properties of three surfactants, namely, sodium N-lauroyl phenylalaninate (SLP),

sodium N-lauroyl tyrosinate (SLTy), and sodium N-lauroyl citrate (SLTr) were investigated. The results

show that the order of critical micelle concentration, which includes the surface tension at the critical

micelle concentration, minimum area per surfactant molecule, and interfacial tension, was SLTr < SLTy <

SLP. At a low surfactant concentration, the three surfactants exhibited a low-viscosity interfacial elastic

film at the n-decane/water interface. The dilational modulus increased and the phase angle decreased

with increase in frequency. However, the order of the dilational modulus was SLP < SLTy < SLTr, while

the order of the phase angle change was SLTr < SLTy < SLP at the same frequency. With increase in

surfactant concentration, the dilational modulus of SLP and SLTy increased and then decreased after

a maximum value; however, the dilational modulus plot of SLTr demonstrated two maxima.
1. Introduction

Interface dilational rheology is a crucial research method for
obtaining information on molecular arrangements at interfaces
during intermolecular interactions and in supramolecular
aggregates.1–3 This method is useful for understanding and
exploring the role of interface phenomena. Relevant research
has become a hot spot in the eld.4–9 Practical application has
conrmed that interface dilational rheology is simple and
powerful and it has been extensively used in molecular surface
interface interactions and their aggregates.10–13

Current research on the phenomenon of interface rheology
mostly focuses on surfactant solution systems in which the
rheological properties are affected by the hydrophobic alkyl
chain length. For example, Li et al. investigated the dynamic
dilational viscoelastic properties of N-2-(phenoxy)-
tetradecanolytaurinate (12+B-T) and N-2-(4-ethylphenoxy)-
tetradecanolytaurinate (12+2B-T), as well as the inuence of
time, dilational frequency, and molar concentration on the
dilational modulus. Furthermore, phase angles at the air/water
surface were investigated. The adsorption lm was primarily
elastic at low concentrations and exhibited viscoelastic
covery, Research Institute of Petroleum

, PR China

ity, Beijing 100048, PR China. E-mail:

6108
properties at high concentrations.14 Li et al. investigated the
dilational rheological properties of sodium trisubstituted linear
alkylbenzene sulfonate and examined the effect of alkyl
substitution on the molecular interface behavior at different
positions of the benzene ring. The interface dilational elastic
modulus increased with decrease in sulfonate ortho-chain
length, whereas the dilational viscous modulus did not
considerably change. The interface dilational elastic modulus
and viscous modulus signicantly increased with an increase in
the sulfonate meta- and para-double chains.15 However, the
inuence of the group near the hydrophilic group on the
interface dilatational rheology is rarely reported.

Amino acid surfactants are environmentally friendly, mild,
biodegradable, and have low toxicities. They can be applied to
household chemicals,16 food, biomedicine,17 agriculture, and
other industrial elds. Current research mostly focuses on N-
acyl amino acid surfactants such as alanine, glycine, sarcosine,
lysine, and glutamic acid.18–21 Previous studies primarily
focused on the synthesis22 and basic properties, including the
surface,23–26 foam,27 and gel properties,28 of the surfactants. For
example, Takassi et al. studied the critical micelle concentration
of N-acyl lysine surfactants on the basis of conductivity, pH, and
IFT.29 However, few studies have been conducted on aromatic
amino acid surfactants, especially regarding the interface dila-
tional rheological properties of N-acyl aromatic amino acid
surfactants.
This journal is © The Royal Society of Chemistry 2020
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In this study, three N-acyl aromatic amino acid surfactants
(sodium N-lauroyl phenylalaninate [SLP], sodium N-lauroyl
tyrosinate [SLTy], and sodium N-lauroyl citrate [SLTr]) were
studied. The surface tension, dynamic interface tension, and
interface dilational rheological properties of these three N-acyl
aromatic amino acid surfactants at the n-decane/water interface
were then investigated. The inuence of the molecular structure
on the interface dilational rheological properties of N-acyl
aromatic amino acid surfactants is discussed.
Fig. 1 Surface tension of N-acyl aromatic amino acid surfactants.
2. Experimental
2.1. Materials

SLP, SLTy, and SLTr were synthesized in our laboratory at
a purity of >97%. The chemical structures are shown in Scheme
1. n-Decane (analytical reagent) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China), and the
solutions were prepared using ultrapure water.
2.2. Surface tension measurements

The surface tension was measured using the Wilhelmy plate
method with a surface tension meter (DCAT21, DataPhysics,
Germany) at 25.0 � 0.1 �C. The standard deviation was set to
�0.02 mNm�1 and the average value was measured three times
to obtain the surface tension value (g) corresponding to the
concentration (c) of sodium N-lauryl amino acid. The g–lg c
curve was plotted to obtain the surface tension diagram. The
cmc and the surface tension value at the cmc (gcmc) were also
obtained. The corresponding maximum excess surface
concentration (Gmax), minimum area per surfactant molecule
Scheme 1 Chemical structures of SLP, SLTy, and SLT.

Table 1 Surface parameters of N-acyl aromatic amino acid surfactants

SAA Cmc (mmol L�1) gcmc (mN m�1) Gmax (�10�6) (

SLP 2.02 37.73 0.99
SLTy 1.74 34.59 1.74
SLTr 0.34 32.36 1.77

This journal is © The Royal Society of Chemistry 2020
(Amin), standard free energy (DGq
m), and surface adsorption

efficiency (pC20) were obtained as per formulae (1)–(4).

Gmax ¼ � 1

2:303nRT

dg

dlg C
(1)

Amin ¼ 1

NAGmax

(2)

pC20 ¼ �lg C20 (3)

DGq
m ¼ nRT ln cmc (4)

where R is the molar gas constant 8.314 J mol�1 K�1, the unit of
temperature is K, the g unit is mN m�1, the Gmax unit is mol
m�2, n ¼ 2, NA is Avogadro constant (6.023 � 1023).
mol m�2) Amin (�10�14) (m2) pC20 DGq
m (kJ mol�1)

1.68 3.97 �30.74
0.95 3.62 �31.48
0.94 4.48 �39.62

RSC Adv., 2020, 10, 26102–26108 | 26103
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2.3. Dynamic interface tension and interface dilational
rheological measurements

2.3.1. Experimental. The properties of the interface dila-
tional rheology were measured using an oscillating drop
tension meter (OCA20, DataPhysics, Germany). The main
components of the device included a light source, a CCD
Fig. 2 Dynamic interface tension of sodium N-acyl aromatic amino
acid surfactants at different concentrations: (a) SLP (b) SLTy, and (c)
SLTr.

26104 | RSC Adv., 2020, 10, 26102–26108
camera, an oscillator, and a needle tube for forming liquid
droplets. The aqueous phase droplet in the needle tube was
injected into n-decane, and the droplet was suspended on the
needle to form an oil–water interface. Then, the droplet was
subjected to oscillation at a frequency of 0.1 Hz. The camera
captured a real-time image of the droplet area. Through the
corresponding soware processing, the changes in the dynamic
Fig. 3 Interface dilational modulus of sodium N-acyl aromatic amino
acid surfactant (a) SLP, (b) SLTy, and (c) SLTr.

This journal is © The Royal Society of Chemistry 2020
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interfacial tension and dynamic dilational parameters of the
adsorption process were obtained until the interfacial tension
reached equilibrium. Then, the dilational modulus and phase
angle were measured at oscillation frequencies between 0.005
and 0.1 Hz. The experiment was carried out when the area of the
droplets (A) that expanded to DA/A was 20%. The water phase
was a N-lauryl amino acid sodium surfactant solution and the
experiments were performed with solutions of different
concentrations.

2.3.2. Relevant theory. When the interface is compressed
and periodically expanded, the interfacial tension periodically
changes. The dilational modulus is dened as the change in
interface tension that occurs with a small relative change in the
interface area,30 which is described as follows:

3 ¼ dg

dln A
(5)

where 3 is the dilational modulus, g is the interface tension, and
A is the interface area.

The phase angle (q) of dilational modulus is a certain phase
difference q between the periodic variation of the interface
tension and the periodic variation of the interface area for the
viscoelastic interface. Therefore, the dilational modulus can be
expressed as a complex quantity:
Fig. 4 Dynamic interface tension and dynamic dilational rheological prop
tension, (b) dilational modulus, (c) dilational elasticity, and (d) dilational v

This journal is © The Royal Society of Chemistry 2020
3 ¼ 3d + iuhd (6)

where 3d is the dilational elasticity, hd is the dilational viscosity,
and u is the frequency at which the interface area sinusoidally
changes. The real part 3d and the imaginary part uhd are
referred to as the storage modulus and loss modulus, respec-
tively, and reect the contributions of the elastic and viscous
portions of the viscoelastic interface. The formulae for dila-
tional elasticity and dilational viscosity are as follows:

3d ¼ |3|cos q (7)

hd ¼ (|3|/u)sin q (8)

3. Results and discussion
3.1. Surface activity of sodium N-acyl aromatic amino acid
surfactants

The surface tensions of SLP, SLTy, and SLTr at different
concentrations were measured at 25 �C. The results are shown
in Fig. 1 and indicate that the surface tension of the three
surfactants showed obvious folding points with changes in
concentration, thus reducing the surface tension to 30–40 mN
erties of sodium N-acyl aromatic amino acid surfactants: (a) interfacial
iscosity.

RSC Adv., 2020, 10, 26102–26108 | 26105
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m�1. The surface activity parameters of SLP, SLTy, and SLTr are
then shown in Table 1, where the cmc of SLP, SLTy, and SLTr are
presented as 2.02 � 10�3, 1.74 � 10�3, and 0.34 � 10�3 mol L�1

respectively, and the gcmc values were calculated as 37.73, 34.59,
and 32.36 mN m�1, respectively. The order of cmc and gcmc is
SLTr < SLTy < SLP. The surface parameters, Gmax and Amin, in
Table 1 indicate the same order and SLTr had the largest Gmax

and the smallest Amin. pC20 reects the efficiency of reducing
surface tension. Table 1 shows that SLTr had the highest effi-
ciency for reducing surface tension. The DGq

m values of the three
surfactants were negative and the DGq

m value of SLTr was the
largest, which indicates that the micelles spontaneously formed
and SLTr was most likely to form micelles.
Fig. 5 Interface dilational modulus (a) and phase angle (b) of sodiumN-
acyl aromatic amino acid surfactants as a function of working frequency.
3.2. Dynamic interface tension and dynamic dilational
rheology properties of sodium N-acyl aromatic amino acid
surfactants

The dynamic interface tensions of sodium N-acyl amino acid
surfactant solutions at different concentrations are shown in Fig. 2.
Fig. 2(a)–(c) show that the equilibrium interface tension of the three
surfactants decreased with increasing concentration. However, at
the same concentration, the three surfactants had evidently
different effects on the reduction of the interface tension. The order
of dynamic interface tension was SLTr < SLTy < SLP when the
concentration was 1 � 10�6 mol L�1. This may be due to the
presence of phenolic hydroxyl groups in the SLTy molecules and
indole groups in the SLTr molecules, which enhance the inter-
molecular interactions, thereby resulting in a closer intermolecular
interaction between SLTy and SLTr surfactant molecules. Conse-
quently, the adsorption at the interface is more effective, thereby
improving the ability to reduce the interfacial tension, which is
consistent with the measured surface tension results.

Fig. 3 shows the interface dilational modulus trend of the
three surfactant solutions at different concentrations with
increasing time. Less time was required to reach dilational
modulus equilibrium as the surfactant concentration increased.
However, the dilational modulus did not show a monotonic
trend with increase in concentration, which may be attributed to
the dual action of molecular diffusion and interface molecular
interactions of the interface adsorption process.

The changes in the dynamic interface tension, dilational
modulus, dilational elasticity, and dilational viscosity as
a function of time for the three sodium N-acyl amino acid
surfactants at the concentration of 1 � 10�6 mol L�1 are
depicted in Fig. 4(a)–(d). It is observed that the equilibrium time
of the dynamic interface tension of the three surfactants was
different in Fig. 4(a). The interface tension reached equilibrium
aer 2000 and 6000 s for SLP and SLTy, respectively, but the
interface tension of SLTr did not reach equilibrium until
10 000 s. From Fig. 4(b) and (c), we can see that the dilational
modulus and dilational elastic modulus of SLTy and SLP
gradually increased with time until equilibrium was reached
and the time required to reach equilibriumwas almost the same
as the time required to reach the interface tension equilibrium.
However, the dilational modulus and dilational elastic modulus
of SLTr continued to increase during the investigated
26106 | RSC Adv., 2020, 10, 26102–26108
timeframe. In Fig. 4(d), we can see that the dilational viscous
modulus of the three surfactants did not considerably change
and the viscosity was <3 mN m�1, thereby indicating that the
interface was elastic with a minor contribution from viscosity.
3.3. Effect of working frequency on the interface dilational
properties of sodium N-acyl aromatic amino acid surfactant

Working frequency is an important factor that affects the dila-
tional rheological parameters. Therefore, we examined the effect
of working frequency on the interface dilational rheological
properties of the three sodium N-acyl aromatic amino acid
surfactants. Fig. 5 shows the changes in the interface dilational
modulus (a) and phase angle (b) of the three surfactants with
working frequency at the concentration of 1 � 10�6 mol L�1. As
can be seen in Fig. 5(a), the dilational modulus of the three
surfactants tended to increase with increase in frequency. This
may be a result of the available time, which was sufficient to
eliminate the interfacial tension gradient generated by interfacial
deformation through the diffusion exchange when the surfactant
molecules were at low frequencies, thus resulting in a small dila-
tional modulus. As the working frequency increased, the interface
area rapidly changed and there was insufficient time to eliminate
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Interface dilational modulus of N-acyl aromatic amino acid
surfactants as a function of concentration.
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the interface tension gradient; thus, the dilational modulus was
larger. Therefore, the dilational modulus increased with increase
in frequency. At the same frequency, the order of dilational
modulus was SLP < SLTy < SLTr. This was due to the stronger
intermolecular interactions in SLTy and SLTr by the phenolic
hydroxyl and indole groups. From Fig. 5(b), we can see that the
phase angles of the three surfactants decreased as the working
frequency increased. This was because there was less time for the
disturbed interfacial adsorption layer to restore the equilibrium by
relaxation processes such as diffusion exchange with increase in
working frequency. The time required for the diffusion exchange
relaxation process to occur was shorter and had a minimal
contribution. Thus, it slightly contributed to the viscous modulus
and resulted in a gradual decrease in the phase angle. At the same
frequency, the phase angle of SLTr was the smallest, as shown in
Fig. 4(c) and (d). At 0.1 Hz, the elastic modulus and viscous
modulus of SLTr were the largest among the three surfactants but
the viscous modulus accounted for the smallest proportion.
Therefore, the phase angle of SLTr was the smallest.
3.4. Effect of surfactant concentration on the interface
dilational rheological properties

Fig. 6 shows the tendency of interface dilational modulus of
three sodium N-acyl aromatic amino acid surfactants at
Fig. 7 Schematic of SLTr on the interface adsorption layer.

This journal is © The Royal Society of Chemistry 2020
a working frequency of 0.1 Hz. For SLP and SLTy, the interface
dilational modulus increased and then decreased as the
surfactant concentration increased, and the maximum values
appeared when the surfactant concentration was 1� 10�4 and 5
� 10�7 mol L�1, respectively. The interface dilational modulus
was closely related to surfactant concentration. The increase in
surfactant concentration had two effects on the interface dila-
tional modulus. First, the surfactant concentration on the
interface increased with increasing bulk phase concentration of
the surfactant molecules, which strengthened the interface
molecular interactions and increased the dilational modulus of
the interface lm. Secondly, the molecular exchange between
the bulk solution and the interface increased with increasing
surfactant concentration, which restored the equilibrium of the
interface and reduced the interface dilational modulus. The
combination of these two factors led to a maximum dilational
modulus with increasing surfactant concentration.15

Note that with increase in concentration, two dilational
modulus maxima were observed for SLTr, i.e., a maximum
dilational modulus was observed in the concentration range
from 1 � 10�7 to 1 � 10�5 mol L�1, and another maximum
value was observed in the concentration range from 1 � 10�5 to
1 � 10�3 mol L�1. When the SLTr concentration increased to
the range from 1 � 10�7 to 1 � 10�5 mol L�1, more SLTr
molecules were adsorbed on the interface, which caused inter-
actions between the surfactant molecules and therefore the
dilational modulus increased. Then, the diffusion exchange
between the interface and bulk molecules increased with
increase in SLTr concentration, which helped the interactions
to restore equilibrium and decreased dilational modulus; thus,
the rst maximum appeared. When the SLTr concentration
increased to the range from 1 � 10�5 to 1 � 10�3 mol L�1, the
indole groups overlapped, as shown in Fig. 7(a). The interac-
tions between the molecules enhanced and the dilational
modulus increased by hyperconjugation. Then, with increase in
surfactant concentration, the arrangement of the SLTr mole-
cules on the interface tightened, which changed the orientation
of indole group and destroyed hyperconjugation. As shown in
Fig. 7(b), the diffusion exchange between the bulk phase and
the interface was enhanced, resulting in a reduction in the
dilational modulus. Therefore, the interface dilational modulus
passed via the second maximum.31 The appearance of two
maxima was observed in other studies. For example, with
RSC Adv., 2020, 10, 26102–26108 | 26107
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increase in concentration, the dilational modulus of sodium
lauryl glycylglycine had two maxima, and the second maximum
appeared because of enhanced hydrogen bonding as the
distance between molecules shortened.32 Feng et al. reported
that, for the gemini surfactant of oligooxa-a,u-bis(m-octylben-
zene sulfonate) with eight ethylene oxide groups (C8E8C8), the
dilational modulus displayed two maxima with increasing
concentration, which were attributed to the circular confor-
mation of the spacer chain entering the water side of the
interface and the rearrangement and orientation of the mole-
cules in the interface layer.33

4. Conclusion

In summary, we studied the surface tension and dilational
rheological properties at the n-decane/water interface of SLP,
SLTy, and SLTr with aromatic ring structures. The results
showed that the presence of the phenolic hydroxyl groups in
SLTy and the indolyl groups in SLTr enhanced the intermolec-
ular interactions, which enabled the surfactant molecules to
adsorb more on the surface or interface and arrange more
tightly, thus resulting in lower cmc, gcmc, and interface tension
for SLTy and SLTr. The interface dilational modulus of the three
surfactants increased and the phase angle decreased with
increase in frequency. First, the dilational modulus of SLP and
SLTy increased and then decreased with increase in surfactant
concentration. The structure of the indole ring of the SLTr
molecule had an important inuence on the interface rheo-
logical behavior and the dilational modulus showed two
maxima when plotted against increasing surfactant
concentration.
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