Open Access Article. Published on 03 July 2020. Downloaded on 4/3/2026 5:39:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 25311

Received 29th April 2020
Accepted 25th June 2020

DOI: 10.1039/d0ra03854g

A CO,-responsive smart fluid based on
supramolecular assembly structures varying
reversibly from vesicles to wormlike micellest

Chunming Xiong,abjalin Wei,?° Qiang Zhou,?® Kang Peng,**® Zhengrong Ye®”
and Haiyang Yang (& *a°

CO,-responsive smart fluids have been widely investigated in the past decade. In this article, we reported
a CO,-responsive smart fluid based on supramolecular assembly structures varying from vesicles to
wormlike micelles. Firstly, oleic acid and 3-dimethylaminopropylamine reacted to form a single-chain
weak cationic surfactant with a tertiary amine head group, N-[3-(dimethylamino)propylloleamide
(NDPQ). Then, 1,3-dibromopropane was used as the spacer to react with NDPO to form a gemini
cationic surfactant, trimethylene a,w-bis(oleate amide propyl dimethyl ammonium bromide) (GCS). By
controlling the feed ratio of 1,3-dibromopropane and NDPO, we found that the mixtures of GCS and
NDPO with the molar ratio of 7:3 approximately could form vesicles in agueous solution by
supramolecular self-assembly. After bubbling CO,, the tertiary amine of NDPO was protonated. The
packing parameter of the mixed surfactants reduced accordingly, accompanied by the transition of
aggregates from vesicles to wormlike micelles. As a result, the zero-shear viscosity of the solution
increased by more than four orders in magnitude. When the solid content of GCS/NPDO mixtures was
higher than 5 wt% in solution, the sample treated by CO, behaved as a gel over a wide frequency range
with shear-thinning and self-healing properties. In addition, the sol—gel transition could be repeatedly
and reversibly switched by cyclically bubbling CO, and N,. Our effort may provide a new strategy for the
design of CO,-responsive smart fluids, fostering their use in a range of applications such as in enhanced

rsc.li/rsc-advances oil recovery.

Introduction

Smart non-Newtonian fluids that undergo physicochemical
changes in response to external stimuli, such as pH, light, CO,,
temperature, ionic strength and electric and magnetic fields,
had drawn much attention in recent years.' As a significant
type of smart fluid, the molecular self-assembly of surfactants
created different aggregates, such as sphere micelles, rod
micelles, wormlike micelles, vesicles, and liquid crystals.*”
Among these, wormlike micelles (WLMs) had received consid-
erable attention due to special behaviors like polymers. Owing
to the entanglement of wormlike micelles, the aqueous solution
showed higher viscosity, and excellent properties of breaking
and reforming compared with polymers."*** Such unique
rheological properties gave them potential application in
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enhanced oil and gas recovery, drug delivery, clear fracturing
fluid and so on.”™* Recently, the reversible viscoelasticity of
wormlike micelles which responded to an external stimulus,
such as light,*® temperature,'® pH,"” CO, (ref. 18) and electric
field,” had been investigated extensively.

CO,-responsive smart fluids would have more significance in
practical industry because CO, was a non-toxic, inexpensive,
benign and abundant gas.”® Moreover, using CO, as a trigger
could lead to many switching cycles without the accumulation
of by-products.” Up to now, according to the present research
on CO,-responsive smart fluids, most of them were based on
wormlike micelles.?*® For example, Zhang et al. reported a CO,-
responsive anionic wormlike micelle fluid by introducing tri-
methylamine into sodium erucate. Trimethylamine was
protonated into a protonated tertiary ammonium salt when CO,
was bubbled. It facilitated the growth of micelles as a hydro-
trope by screening electrostatic repulsion between the anionic
head groups in sodium erucate molecules, resulting in the
formation of wormlike micelles and viscoelasticity build-up.*®
Feng and his co-workers synthesized a cation surfactant con-
taining primary and secondary amines. After bubbling CO,, the
primary amine reacted with CO, to generate an amphoteric
charge. This changed the packing parameter (the geometry of
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the self-organized structures can be predicted to a certain extent
based on the concept of packing parameter,* and the amphi-
philic compounds are expected to assemble into spherical
aggregates when p < 1/3, wormlike micelles when 1/3 < p < 1/2,
and vesicles when 1/2 < p < 1) of the surfactant assembly and
induced the transition of aggregate from vesicles to wormlike
micelles, which occurred a sol-gel transition macroscopically.*®
Feng and his co-workers fabricated a CO,-switchable wormlike
micellar system by using nerucamidopropyl-N,N-dimethyl-
amine without any hydrotropes. Its viscoelasticity varied by five
orders of magnitude after cyclically bubbling CO, and air, but
the hydrophobicity of the system also leaded to its poor solu-
bility before bubbling CO,.*”

Although CO,-responsive smart fluids had gained a rapid
development over the last few years, most systems focused on
the compounding of single-chain cationic or anionic surfac-
tants, and the gemini cation surfactant regulated by CO, had
seldom been reported. A gemini cation surfactant (GCS) con-
sisted of two conventional surfactant molecules, which was
chemically bonded together by a spacer. Compared to conven-
tional single-chain surfactants, the gemini surfactant could self-
assemble at much lower concentrations and are superior in
surface activity. Many kinds of gemini cation surfactants had
been reported and investigated by varying the length of terminal
hydrocarbon tails, the type and length of the spacer, the
symmetry of the molecule and the kinds of polar head
group.28,29

Herein, a CO,-responsive smart fluid was fabricated by
mixing a gemini cationic surfactant (GCS) and its intermediate
product (NDPO). Firstly, oleic acid and 3-dimethylaminopro-
pylamine reacted to form a single-chain weak cationic surfac-
tant with a tertiary amine head group - N-[3-(dimethylamino)
propylJoleamide (NDPO). Then, 1,3-dibromopropane was used
as spacer to reacted with NDPO to form gemini cationic
surfactant - trimethylene o,w-bis(oleate amide propyl dimethyl
ammonium bromide) (GCS). Because the quaternization of
tertiary amine groups and brominated compounds had
extremely high reactivity, we could control the ratio of single-
chain weak cationic surfactants and gemini cationic surfac-
tants conveniently by adjusting the molar ratio of NDPO and
1,3-dibromopropane.*** And we found that the mixture
surfactants of GCS and NDPO with the molar ratio of 7:3
approximately could be dissolved in water and form a uniform
vesicle-containing solution with a low viscosity and a weak light
transmission. After bubbling CO,, the tertiary amines of NDPO
was protonated to become cationic surfactants, and the solu-
tion showed an obvious gel-sol transition and a great increase
in light transmittance as its self-assembly structure changed
from vesicles to wormlike micelles. When the solid content of
GCS/NPDO mixtures was higher than 5 wt% in solution, the
sample treated by CO, behaved as a gel over a wide frequency
range. In addition, the sol-gel transition could be repeatedly
and reversibly switched by cyclically bubbling CO, and N,. Our
work found a convenient way to adjust the ratio of gemini cation
surfactant/single-chain weak cationic surfactant mixtures,
providing a new strategy for the design of CO,-responsive smart
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fluids, providing some inspiration to find industrial uses such
as CO, flooding in enhanced oil-recovery processes.

Experiment
Materials

Oleic acid, 3-dimethylaminopropylamine, 1,3-dibromopropane
and ethanol were purchased from Sinopharm Chemical
Reagent Co. Ltd. All the materials were used as received without
further purification and experiments were performed using
deionized (DI) water.

Synthesis and NMR characterization of the N-[3-
(dimethylamino)propylJoleamide (NDPO)

Oleic acid (141.23 g, 0.5 mol) was added to a four-necked flask,
which was equipped with a reflux device, a thermometer,
a dropping funnel and a nitrogen inlet, and then heated to
170 °C under N, atmosphere. 3-Dimethylaminopropylamine
(76.635 g, 0.75 mol) was added dropwise to oleic acid over 4
hours. After the addition, the mixture kept stirring for 6 hours
under 170 °C. Once the reaction was completed, the excess 3-
dimethylaminopropylamine and water were distilled off under
reduced pressure at 100 °C to obtain a yellowish liquid.
(172.31 g, yield: 94%, the "H NMR spectrum is seen in Fig. S1at)

Synthesis of the gemini cation surfactant (GCS)

The synthesis process of the gemini cation surfactant was
illustrated in Fig. 1a. N-[3-(Dimethylamino)propyl]oleamide was
dissolved in ethanol and added amount of 1,3-dibromopropane
into the mixture. Gemini cation surfactant (GCS) - trimethylene
o,w-bis(oleate amide propyl dimethyl ammonium bromide) was
obtained after reacting for 12 hours at 45 °C.

When the molar ratio of NPDO and 1,3-dibromopropane was
2 : 1, by titrating the amine value, we found that the conversion
rate of this reaction could be close to 99%. Because the qua-
ternization of tertiary amine groups and brominated
compounds had extremely high reactivity, we could control the
ratio of single-chain weak cationic surfactant and gemini cation
surfactant by adjusting the ratio of NPDO and 1,3-dibromo-
propane. We named the CO,-responsive smart fluid as Gy
(where X represented the molar fraction of the GCS in the GCS/
NDPO mixtures, ngpacer and nnppo represented the molar
concentrations of 1,3-dibromopropane and N-[3-(dimethyla-
mino)propyl]Joleamide, respectively):

_ 2nspacer

X = x 100% (1)

nNDPO

Characterization

Nuclear magnetic resonance proton spectroscopy (1HNMR) was
used to characterize the dry surfactant samples (Bruker AV300
nuclear magnetic resonance instrument). Deuterated DMSO
was used as the nuclear magnetic solvent. The chemical shift of
0 ppm is tetramethylsilane TS, and the coupling constant unit is
Hertz. It is calculated by Fourier transform mode. Dynamic light

scattering (DLS) measurements were performed on
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Fig. 1 The preparation process (a) and the switching mechanism (b) of the CO,-responsive smart fluid.

a Brookhaven Instrument BI-200SM with a laser wavelength of
636 nm at 25 °C. The scattering angle was fixed at 90°. The DLS
data was analysed with the software supplied by Brookhaven
and the apparent hydrodynamic diameters of the micelles were
obtained. The light transmittance test was measured by UV-vis
spectrophotometer (Shimadzu UV1800). Deionized water was
used as the blank sample, and the wavelength was selected from
200-800 nm.

Rheological measurements

Rheological measurements were conducted on an ARG2 stress
controlled rheometer (TA AR-G2) at 25 °C using a cone-plate of
40 mm diameter with a cone angle of 4. The viscosity was
measured as a function of shear rate for determining the zero
shear viscosity. The storage modulus (G') and loss modulus (G”)
were measured as a function of frequency within a linear
viscoelastic regime, which was determined from the prior
stress-sweep test. To investigate the self-healing properties of
the samples in response to applied shear forces, the samples
were placed between the para-plate and the platform with
special care. The following programmed procedure (applied
shear force, expressed in terms of strain; duration in paren-
theses) was used: 1% (300 s)/50% (200 s)/1% (300 s)/50% (200 s)/
1% (300 s)/50% (200 s)/1% (300 s). During all measurements,
a solvent trap was used to minimize water evaporation.

Cryo-TEM observation

The specimens for cryo-TEM observation were prepared in
a controlled environment to vitrify the solutions. The temper-
ature of the chamber was regulated between 25 and 28 °C, and
the relative humidity was kept close to saturation to prevent
evaporation during preparation. 5 puL of solutions pre-heated at
30 °C was placed on a carbon-coated holey film supported by
a copper grid and gently blotted with a piece of filter paper to
obtain a thin liquid film (20-400 nm) on the grid. Next, the grid

This journal is © The Royal Society of Chemistry 2020

was quenched rapidly into liquid ethane at —180 °C and
transferred into liquid nitrogen (—196 °C) for storage.”” The
vitrified specimen stored in liquid nitrogen was then trans-
ferred to a Tecnai G2 F20 cryo-microscope. The acceleration
voltage was 200 kv, and the working temperature was kept
below —170 °C.

Results and discussion

Formation and characterization of the CO,-responsive smart
fluids

The preparation process of the CO,-responsive smart fluid was
illustrated in Fig. 1a. Firstly, the N-[3-(dimethylamino)propyl]
oleamide (NDPO) was synthesized by amidation of oleic acid
and 1,3-dimethylaminopropylamine. Then, we used 1,3-dibro-
mopropane as spacer to link the N-[3-(dimethylamino)propyl]
oleamide to form gemini cation surfactant (GCS) - trimethylene
o, w-bis(oleate amide propyl dimethyl ammonium bromide) (see
Fig. S17 for the "H NMR spectrum of the NPDO and the GCS).
During the second step of the reaction, the molar fraction of the
GCS in all surfactants could be well controlled based on
adjusting the ratio of 1,3-dibromopropane and NDPO. The
switching mechanism of the CO,-responsive smart fluid was
illustrated in Fig. 1b. We inferred the introduction of CO,
protonated the NDPO to be positively charged. To confirm this,
"H NMR characterizations of the G, sample with and without
CO, were performed, and the spectra were compared in Fig. S2.7
It could be seen that, after being treated with CO,, the chemical
shifts of (CH3),N-CH,-CH,-, (CH3),N-CH,-CH,-, and (CH3),N-
CH,-CH,- moved from 2.17 (a,), 2.32 (b4), and 1.66 (c;) to 2.63
(ap), 2.86 (by), and 1.99 (c,) ppm, respectively, reflecting the
protonation of the tertiary amine group in NPDO.*

For the CO,-responsive smart fluid, the average packing
parameter P (Israelachvili's packing parameter P = v/al, where [
and v are the effective maximum length and volume of the
hydrophobic tail, respectively, and a is the effective headgroup

RSC Adv, 2020, 10, 25311-25318 | 25313


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03854g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 July 2020. Downloaded on 4/3/2026 5:39:02 PM.

(cc)

RSC Advances

area of per surfactant molecule constituting the aggregate’) of
the GCS/NPDO mixtures in Gy, sample should be 1/2-1,
a typical value range of vesicles aggregates as indicated in
Fig. 5a. After bubbling CO,, the NPDO was protonated and
positively charged. The electrostatic repulsion of the head-
groups between GCS and protonated NPDO increased. This was
equivalent to say that the effective head group area of proton-
ated NPDO increased. The average packing parameter P of the
GCS/NPDO mixtures in the presence of CO, decreased accord-
ingly, inducing the transition of aggregate from vesicles into
wormlike micelles.

Compared with single-chain weak cationic surfactants,
gemini cation surfactants with two hydrophilic head groups and
two hydrophobic long chains had better water solubility, higher
surface activity, and better wetting properties. CO,-responsive
smart fluid with different molar fractions of GCS in the GCS/
NDPO mixtures had many differences including light trans-
mittance, hydrodynamic diameter, viscosity, and response
capabilities to carbon dioxide. As showed in Fig. 2a, G, was
a milky white solution with a yellow oily liquid floating on it,
indicating that the solubility of NDPO was low. With the
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increase of molar fraction of gemini cation surfactants, the
solution became transparent. G,5 was obvious translucent and
had bluish light, indicating the presence of large-sized particles
in the solution. As the increase of fraction of GCS with positively
charged quaternary ammonium head group, the electrostatic
repulsion between the quaternary amine head group became
bigger. It leaded to an increase in the effective contact area of
the mixed surfactants, thus causing a decrease in the packing
parameter. The surfactant packing parameter was decreased, so
the arrangement of surfactant molecules was closer, which was
more conducive to the formation of wormlike micelles.

So we further investigated the aggregation state of 2 wt%
samples with different molar fractions (Geo, Ges, G70, G75, Gso,
and Gig) through dynamic light scattering and light trans-
mittance tests. In Fig. 2b, as the molar fraction of GCS
increased, the light transmittance of 2 wt% samples increased
significantly. However, in the small wavelength range, the light
transmittance of the samples was very low, indicating that there
might have hundreds of nanometre-scale self-assembly struc-
ture in the solution. As the DLS curves for a series of 2 wt%
samples shown in Fig. S3,7 when GCS molar fraction was low,
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(a) Photograph of 2 wt% samples with different molar fractions of the GCS in the GCS/NPDO mixtures (Go, Geo, Ges. G7o. G7s, Ggo, and

Gioo). (b) Light transmittance curves (The curves of Ggo and Gyq are very close to the x-axis due to their low light transmittances), (c) hydro-
dynamic diameters and light transmittances at 700 nm, (d) viscosity versus shear rate plots, and (e) zero-shear viscosity for 2 wt% samples with
different molar fractions of the GCS in the GCS/NPDO mixtures (Geg, Ges, G0, G7s, Ggo, and Gygo).
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the DLS peak of the sample appeared between 100-500 nm,
which was consistent with the size of general surfactant vesicle
assemblies. When molar fraction of GCS increased, an inte-
grated peak appeared at 1000 and 1000 nm, indicating that
wormlike micelles might be formed.**** In Fig. 2¢, we showed
the hydrodynamic diameter and the light transmittance at
700 nm of these samples, which indicated that increasing the
conversion of GCS might induce the self-assembly structure of
surfactants to transfer from vesicles to wormlike micelles.
Especially from G;, to Gy, the light transmittance and hydro-
dynamic diameter of the samples had a significant change.
Besides, the hydrodynamic size of G;o, was almost double that
of Ggo. This phenomena might be caused by the increased
distance of the entanglement length, i.e., the average contour
length between two entanglement points, which further
demonstrated the formation of elongated wormlike micelles.*

Next, we studied the zero-shear viscosity of the above
samples. From the viscosity behavior of the 2 wt% samples
shown in Fig. 2d and e, it could be seen that the viscosity of G,
Ggs, and G, was always in a low level. The zero-shear viscosity of
G5 and Ggo was 8.88 pa s and 21.71 pa s, respectively, and the
viscosity decreased with the increase of shear rate. The zero-
shear viscosity of Gjoo was obviously higher than other
samples, its zero-shear viscosity reached 150 pa s, and the
viscosity had a plateau at low shear rate, indicating that it was
a relatively stable wormlike micelle solution.

CO,-responsiveness of the 2 wt% G-, sample

In order to decrease the initial zero viscosity and increase the
CO,-responsive ability of the smart fluid, the amount of NDPO
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Fig. 3 (a) Light transmittance curves and snapshots for 2 wt% Gyo
sample before and after bubbling CO,. (b) Intensity weighted distri-
bution of apparent hydrodynamic diameters for 2 wt% G, sample
before and after bubbling COs.
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in GCS/NDPO mixtures should be as much as possible.
However, with the increase of NPDO, the solubility of the system
became poor. For the GCS/NDPO mixtures with the molarity
ratio of 7 : 3, the uniform solution exhibited both a low viscosity
and a little light transmission. Therefore, we selected G,
(molarity ratio of 7 : 3) as the representative sample to study. We
first studied the transition of the light transmittance and
hydrodynamic diameter of the 2 wt% G, sample before and
after the introduction of CO,. Fig. 3a showed the change of light
transmittance (200-800 nm) before and after the solution was
exposed to CO,. The introduction of CO, significantly increased
the light transmittance of the system, which was consistent with
the photographs inset in Fig. 3a. The solution was a low-
viscosity liquid with blue light before the introduction of CO,.
After we bubbled CO,, the solution became transparent, and the
CO, bubbles could temporarily suspend in the solution, which
indicated the viscosity increased. As the DLS curves of the
hydrodynamic diameter of the 2 wt% Gy, sample shown in
Fig. 3b, the average hydrodynamic diameter of the surfactant
self-assembly was 104 nm before the introduction of CO,. After
the introduction of CO,, the average hydrodynamic diameter
decreased to 39 nm, which was consistent with the change of
the vesicles into wormlike micelles in particle size.

In order to further investigate the CO, response performance
of the 2 wt% Gy, sample, we tested the rheological properties
before and after the introduction of CO,. From the Fig. 4a and b,
we clearly observed the increasing of viscosity and modulus
after the introduction of CO,. As shown in Fig. 4a, before
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Fig. 4 (a) Viscosity versus shear rate plots, and (b) linear viscoelastic
modulus, G' and G” for 2 wt% G5o sample before and after bubbling
COs.
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bubbling CO,, the viscosity of the solution was about 3 mpa s,
which was close to the viscosity of pure water and independent
of the shear rate. After the solution was exposed to CO,, the
zero-shear viscosity of the system increased by 4 orders of
magnitude. In the shear range of 107 %-10"" s, the viscosity
appeared a plateau, and then it showed shear thinning with the
increase of shear rates. We inferred that the introduction of CO,
would drive the self-assembly from vesicles to worm-like
micelles. The worm-like micelle cross-linking network relied
on physical interaction forces and could maintain stability at
small shear rates, but as the increase of shear rate, the cross-
linking network would be destroyed, leading to a decrease in
the viscosity. Fig. 4b showed the frequency sweep curves of the
storage modulus G’ and the loss modulus G” of the 2 wt% G,
sample. Before the introduction of CO,, the G’ of the sample
was less than the G” over the entire frequency range, which
appeared an obvious characteristics of Newtonian liquid
behavior. After bubbling CO,, the G’ of the solution was less
than the G” in the low frequency range, and greater than the
loss modulus G” in the high frequency range. The intersection
of G’ and G” appeared the sample with CO, was likely as a sticky
elastic fluid. The change in storage modulus G' and loss
modulus G” also corresponded to the self-assembly transition
from vesicles to worm-like micelles.

To confirm the morphology of the self-assemblies of GCS/
NPDO mixtures in solution, the 2 wt% G,, samples were
further observed by cryo-TEM. The results were shown in
Fig. 5a. It could be seen that the size of the vesicles ranged from
tens to hundreds of nanometers. This could explain the exis-
tence of multiple peaks in the DLS of G, sample as shown in
Fig. 3b. In the presence of CO,, the elongated, flexible wormlike
micelles formed and entangled with each other as shown in
Fig. 5b. These threadlike aggregates had a diameter of several
nanometers and a length in the micrometer range. Therefore,
the dramatic rheological change observed in G, sample could

a)

b)

Fig. 5 Cryo-TEM images of the 2 wt% G,o sample (a) before and (b)
after bubbling CO, (the dark part in the lower right corner in (a) is
copper grid). The scale bars are (a) 200 nm and (b) 100 nm.
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be clearly ascribed to the transition of aggregates from vesicles
to an entangled network of wormlike micelles after bubbling
CO,.

Reversibility of CO,-induced gelation

As a green trigger, CO, could lead to many switching cycles
without the accumulation of by-products.*® Thus, we evaluated
the reversible switch ability in rheological behaviours. As shown
in Fig. 6a, the light transmittance of the smart fluid could be
repeatedly and reversibly switched upon alternately bubbling
CO, and N,. For more than four cycles, the changes in the light
transmittance were detected without any deterioration. On the
other hand, Fig. 6b showed variation of the zero-shear viscosity
values of the invertible smart fluid during four cycles, which
further confirms the perfect reversible ability of the CO,
response behavior. In the presence of CO,, the tertiary amine
group of NDPO was protonated and became positively charged,
leading to an increase in the effective contact area of the
hydrophilic head groups. As a result, the average packing
parameter of the mixed surfactants in G5, sample decreased
accordingly. It drove the self-assembly structure transfer from
vesicles to worm-like micelles. Bubbling N, into the sample, or
heating the sample to discharge CO,, it could return to the
initial state.

Self-healing study of the 5 wt% G, sample with CO,

When the solid content of GCS/NPDO mixtures was higher than
5 wt% in solution, the sample with CO, behaved as a gel over
a wide frequency range. In order to better study the rheological
properties and self-healing properties of the G,, sample, we

a
) = -co,
°\°100- o +co,
= L R ? F
3 Ll F\ n I h !
' ' ' ' 1
geot N N N Y
= 1y B @y B o
g 40+ oo Ko o N
7 Eond o wmb o ol
= 20F ! V! v V! !
< ' V! \! V! v
&£ ol "I T
0 1 2 3 4 5
b) Cycle
10°F ® -co
4 +CO,
il PO xA
© ot I " Iy ? !
Qc':s ,' \ 1 I' \ :’ \ I’
!
= 100r h \‘ ; \‘ y \\ i \‘ p
S £ o v i oy g o
S107F 1y b by
02 1 v ‘Il ‘Il ‘,v
L !
R A
105} , . . . :
0 1 2 3 4 5

Cyc\le

Fig. 6 Reversible switchability of (a) light transmittance at 700 nm and
(b) light transmittance for the 2 wt% Gy sample upon alternate
treatment of CO, and N,.
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Fig. 7 (a) Viscosity versus shear rate plots and snapshots for 5 wt% Gyq

sample before and after bubbling CO,. (b) Linear viscoelastic modulus,
G’ and G”, for 5 wt% Gy sample after bubbling CO,.

increased the solid content of GCS/NPDO mixtures from 2 wt%
to 5 wt% to ensure that the G, sample could maintain good
strength after the introduction of CO,. The CO,-response
performance of 5 wt% G, sample was shown in Fig. 7a. After
CO, was introduced, the zero-shear viscosity of the system was
increased by 6 orders of magnitude. The inset photographs
demonstrated the CO,-responsive sol-gel transition. Turning
the bottle over, the position and shape of the hydrogel in the
bottle had not changed, which showed that the hydrogel had
good strength and viscosity to support its own weight. More-
over, we performed a frequency scan on the storage modulus G’
and the loss modulus G’ of the 5 wt% G, sample after the
introduction of CO, as shown in Fig. 7b. The storage modulus
G’ of the system was always greater than the loss modulus G’
over the entire frequency range, quantitatively proved that the
system did behave as a gel after CO, introduction. The loss
modulus G” had obvious frequency dependence, indicating that
the cross-linking network of the system was dynamic and
formed based on physical interactions. Therefore, the 5 wt% G-,
sample was CO,-responsive smart fluid and behaved like
a hydrogel after the introduction of CO, over a wide frequency
range.

Next, we investigated the self-healing properties of 5 wt% G,
sample with CO,.**° First, a strain sweep measurement was
conducted on the 5 wt% G;o sample with CO, to test the
influence of the strain. As depicted in Fig. 8a, G’ was larger as G”
(elastic-dominating) under small strain (y < 5%). And the values
of G' and G” kept constant, suggesting that the hydrogel

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Modulus—strain curves and (b) repeated dynamic strain step
tests (y = 1% or 50%) for 5 wt% G70 sample after bubbling CO,.

network remained unaffected due to the intact cross-linkages.
While the strain kept increasing, a sol-gel transition point (y
= 15.5%) occurred, implying that the hydrogel network was
destroyed due to the disassociation of the cross-linkages at
a high deformation strain. Finally, repeated dynamic strain step
tests (y = 1% or 50%) were carried out in Fig. 8b. It could be
seen that a 50% strain could completely inverted the G’ and G”
values, indicating the deconstruction of the network. By
returning the strain to 1%, G’ and G” recovered their original
values rapidly, indicating the quick recovery of wormlike
micelles. During the cyclic tests, this recovery behavior was
significantly reversible. When the concentration of worm-like
micelles increased, the worm-like micelles formed a three-
dimensional network structure, and a sol-gel transition
occurred macroscopically. The three-dimensional network
structure formed by worm-like micelles was dynamic physical
cross-linking, and would be destroyed by stress. After the stress
was withdrew, the structure would be restored to the original
state spontaneously, showing excellent self-repairing perfor-
mance. Therefore, the 5 wt% G-, sample with CO, exhibited the
significant self-healing property within a short period of time.

Conclusions

In summary, we designed a CO,-responsive smart fluid based
on supramolecular assembly structures varying from vesicles to
wormlike micelles. The mixtures of gemini cation surfactants
and single-chain weak cationic surfactants, GCS/NDPO, with
the molarity ratio of 7 : 3 approximately could form vesicles in

RSC Adv, 2020, 10, 25311-25318 | 25317
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aqueous solution by supramolecular self-assembly. In the
presence of CO,, the single-chain weak cationic surfactants
NDPO with tertiary amine head groups were protonated due to
the acidity of the carbonic acid. As a result, the effective contact
area of the hydrophilic head groups increased and the packing
parameter decreased. This induced the self-assembly structures
of GCS/NDPO mixtures changed from vesicles to worm-like
micelles. The zero-shear viscosity of solution, therefore,
increased more than four orders in magnitude. When the
gemini cation surfactant accounted for 70%, its self-assembly
structures changed from vesicles to worm-like micelles after
bubbling CO,. When the surfactant concentration was higher
than 5 wt%, the G, sample in the presence of CO, behaved as
a gel over a wide frequency range and exhibited the shear
thinning and self-healing properties. The sol-gel transition
could be adjusted repeatedly and reversibly by cyclically
bubbling CO, and N, without causing cumulative damage to the
system by-products. We believe that this work will provide
a general and simple strategy for the design of CO,-responsive
smart fluids, fostering their practical application in a number of
fields such as CO, flooding in enhanced oil-recovery processes.
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