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1. Synthesis and characterization of tertiary octadecylamine (DMA18)

1.1. materials

Formic acid, formaldehyde, sodium Salicylate, sodium hydroxide, and anhydrous ethanol were
purchased from Chengdu Cologne Co., Ltd, China, and octadecylamine (DMA) was purchased from
Shanghai Aladdin Biochemical Technology Co. All chemical reagents were analytically pure.
1.2 Synthesis

The CO,-responsive surfactant tertiary octadecylamine (DMA18) was synthesized by
alkylation of octadecylamine with formic acid and formaldehyde, with the following synthetic

scheme in follow:

A
CH,(CH,),,NH, + 2HCHO + 2HCOOH~CH3(CH,),,N(CH;), + 2H,0 + 2C0,#(1)

Octadecylamine (0.05 mol) and anhydrous ethanol (100 mL) were added to a three-necked
flask and stirred magnetically at 60 °C to dissolve completely. Then formic acid (0.215 mol) and
formaldehyde (0.215 mol) were added into the three-necked flask using a constant pressure titration
funnel at 90 °C, and the reaction was carried out for 2-3 h. After the reaction, the pH was adjusted
with standard NaOH solution to be greater than 10; after the solution was delaminated, the aqueous
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phase was removed. The final product was taken out to be distilled under reduced pressure to remove
the unreacted formic acid and formaldehyde, and then finally obtained as a product, which was dried
in the oven at 50 °C.
1.3. Structural characterization

The structure of DMA18 was confirmed by FTIR (Fig. IR) and 'HNMR (Fig. NMR). The
characteristic peaks were located at 2925.5 cm™! ( -CHj3 ), 2856.1 em™! ( -CH»- ), 1457.9 cm™! ( -C-
CH3;), 1041.5 cm! (C-N). The '"H-NMR of the synthesized product is shown in Fig. 2, which shows
that the synthesized product has hydrogen proton peaks at & = 0.86~0.90 for -CH3;, 6 = 1.25~1.30
for -CH,-, and 6 = 2.23~2.25 for hydrogen proton peaks on the N-neighboring position C of N-CH,.
On the N-neighboring methyl group of N-CHj3 at 6 = 2.21, and the hydrogen proton peak on the N-
interstitial C of N-CH,-CH, at 8 = 1.41~1.47. This result indicates that the synthesized product
conforms to the structural features of DMA18.
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Fig. S1. Infrared spectrum of DMA18.
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Fig. S2. '"H NMR spectra data of DMA18
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55 Weak interaction analyses were performed using the multiwfn program ! for IRI analyses 2 and

56 are shown in Fig. S4 and Fig. S5.
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62 Fig. S5 Weak interactions between phenolic hydroxyl groups of counterions Sal- and surfactants
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3. Model determination of molecular dynamics parameters for coarse-grained

All coarse-graining in this thesis was parameterized using the Martini 3.0.0 force field3. We
designed four coarse-graining schemes.

3.1 Coarse-grained Schemes 1

Fig. S6 is an exact match on all atoms of DMA18 with DMA18H" according to the beads
defined by Souza et al.3, with C1 beads for four carbon atoms, SC2 beads for three carbon atoms,
and Q2 beads for the quaternary ammonium head group. By comparing the all-atom molecular
dynamics, it was found that the distribution of bond lengths between 3-4, 4-5, and 5-6 atom obtained
from the all-atom molecular dynamics of the DMA 18 molecule was bimodal, which could not well
match the normal distribution obtained from the coarse-grained model, as shown in Fig. The same
situation occurs for the distribution pattern of the DMA18H" ion. The structure of the model self-
assembled into spherical micelles was found by 1000 ns molecular dynamics simulations to be
inconsistent with the experimentally observed structure.

Scheme 1 follows the bead definition proposed by Souza et al. 3, where all atoms of DMA18
and DMA18H+ are perfectly matched. Four carbon atoms are represented by the C1 bead, three
carbon atoms by the SC2 bead, and the quaternary ammonium headgroup by the Q2 bead. Through
a comparison with all-atom molecular dynamics, it was found that the bond length distributions
between atoms 3-4, 4-5, and 5-6 of the DMA18 molecule obtained from CGMD simulations exhibit
a bimodal distribution, which does not match well with the normal distribution obtained from the
all-atom simulations, as shown in the Fig. S7. The distribution pattern of DMA18H" ions also
exhibits this behavior. Additionally, Molecular dynamics simulations over 1000 ns revealed that the
self-assembled spherical micelle structure obtained from this model does not match the
experimentally observed worm-like micelle structure.

DMAI18H*

Fig. S6 coarse-grained model for schemes 1. (a) DMA18 coarse-grained model, (b) coarse-
graining model of DMA18H+ after DMA18 response to CO2, and (c) coarse-grained model of
counterions Salicylate ion (Sal-).
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94
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Bond parameters

Angle parameters

Bond Ry Ksireten(kJ * mol- Angle 8,(%) Kypena(kJ
e nm?2) mol!)
1-2 0.481 2200 1-2-3 164 24
DMAI18 2-3 0.429 2400 2-3-4 163 24
3-4 0.375 8000 3-4-5 166 24
4-5 0.376 8000 4-5-6 165 22
5-6 0.381 8000 - - -
1-2 0.472 2200 1-2-3 163 24
2-3 0.430 2400 2-3-4 164 24
CI8DAH* 3-4 0.370 8000 3-4-5 168 24
4-5 0.370 8000 4-5-6 166 22
5-6 0.369 8000 - - -
1-2 0.210 constraints - - -
Sal- 2-3 0.229 constraints - - -
3-4 0.267 constraints - - -
2-4 0.218 50000
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97 Fig. S7. Coarse-grained Scheme 1, Bond length and bond angle distributions of DMA18
98 molecules from all-atom molecular dynamics and coarse-grained molecular dynamics simulations.
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100 Fig. S8. Coarse-grained Scheme 1, Bond length and bond angle distributions of DMA18H+

101 molecules from all-atom molecular dynamics and coarse-grained molecular dynamics simulations.
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Fig. S9 Self-assembly of DMA18H* with the counterions Sal- for coarse-grained Schemes 1
3.2 Coarse-grained Schemes 2

Scheme 2 also follows the rules defined by Souza et al. 3 using beads of type “R” to match
atoms, with C1 beads for carbon atoms near the hydrophobic tail chain and C2 beads for carbon
atoms between hydrophobic chain segments. In order to more accurately represent the quaternary
q” >
Counterions Sal- using the coarse mechanics model from schemes 1. The statistics of bond length

113

charge off-domain phenomenon after protonation, the Q2 beads were labeled with

and bond angle distributions by all-atom molecular dynamics and coarse-grained molecular
dynamics show that the coarse-grained scheme matches the bond length and bond angle
distributions obtained by all-atom molecular dynamics more closely compared to the coarse-grained
scheme of schemes 1. coarse-grained molecular dynamics simulated 1000 ns. However, the worm-
like micelle structure was still not captured.

DMA18H*

Fig. S10. Structure of Coarse-grained schemes 2.



125 Table S2

Bond parameters Angle parameters
Kstretch(kJ * mol- I<bend(kJ
Bond R, Angle  0o(°)
1 e nm—2) mol'l)
1-2 0.481 2200 1-2-3 164 24
DMA18
2-3 0.429 2400 2-3-4 163 24
34 0.375 8000 3-4-5 166 24
4-5 0.376 8000 - - -
1-2 0.476 2200 1-2-3 162 24
2-3 0.480 2200 2-3-4 163 24
C18DAH"
34 0.480 2200 3-4-5 161 24
4-5 0.503 2200 - - -
1-2 0.210 constraints - - -
Sal- 2-3 0.229 constraints - - -
34 0.267 constraints - - -
2-4 0.200 50000
126
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128 Fig. 11. Coarse-grained Scheme 2, Bond length and bond angle distributions of DMA18H+

129 molecules from all-atom molecular dynamics and coarse-grained molecular dynamics simulations.
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Fig. S12. Coarse-grained Scheme 2, Bond length and bond angle distributions of DMA18H+

molecules from all-atom molecular dynamics and coarse-grained molecular dynamics simulations.

Fig. S13. Self-assembly of DMA18H+ with the counterions Sal- for coarse-grained Schemes 2
3.3 Coarse-grained Schemes 3

Scheme 3 builds upon Scheme 2, where we improved the coarse-grained model for Sal- ions
by replacing the bead at position 1 in the Sal- model with a TC4 bead. After performing a 1000 ns
simulation, it was observed that the micelles showed a tendency to grow into worm-like micelles.
This suggests that the phenolic hydroxyl group cannot be simplified to an ethanol bead, likely due
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to the conjugation effect of the benzene ring, which weakens the polarity of the hydroxyl group and

increases its hydrophobicity. We then extended the simulation by another 1000 ns, and the results

showed that the worm-like micelles did not continue to grow. At this point, the maximum number

of DMA18H" ions in the micelles was 189, indicating that the system had reached a stable state.

Fig. S14 Structure of Coarse-grained Schemes 3
Table S3
Bond parameters Angle parameters
Kstretch(kJ * mol I<bend(kJ
Bond Ry Angle 00(°)
1 e nm—2) mol'l)
1-2 0.481 2200 1-2-3 164 24
DMA18
2-3 0.429 2400 2-3-4 163 24
3-4 0.375 8000 3-4-5 166 24
4-5 0.376 8000 - - -
1-2 0.476 2200 1-2-3 162 24
2-3 0.480 2200 2-3-4 163 24
C18DAH"
34 0.480 2200 3-4-5 161 24
4-5 0.503 2200 - - -
1-2 0.210 constraints - - -
Sal- 2-3 0.229 constraints - - -

3-4 0.267 constraints - - -
2-4 0.200 14000
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Fig. S15. Self-assembly of DMA18H+ molecules after 2000 ns of simulation with coarse-grained
Scheme 3.

3.4 Coarse-grained Schemes 4

From the above simulations, we found that increasing the hydrophobicity of the salicylate
sodium benzene ring bead can promote the self-assembly of surfactants into worm-like micelles.
Therefore, based on coarse-grained Scheme 3, we replaced the TC4 bead of Sal- with the SC4 bead,
a modification widely used in the Martini 2.0 version, which has shown good results in various
studies*¢. According to Souza's definition 3 the SC4 bead exhibits stronger hydrophobicity than the
TC4 bead. After performing a 1000 ns coarse-grained molecular dynamics simulation, we found
that the worm-like micelles were more pronounced compared to Scheme 3. Further extending the
simulation by an additional 1000 ns, the maximum number of DMAI18H" ions in the micelles
increased to 319, suggesting that this system is more suitable for coarse-grained model simulations.
In conclusion, by optimizing the coarse-graining of the Sal- benzene ring structure, we found that
the stronger the hydrophobicity of the benzene ring, the more easily the system self-assembles into
worm-like micelles. Therefore, using more hydrophobic counterions such as sodium p-
toluenesulfonate or sodium p-styrenesulfonate may yield even better results.

SC4 1

SQ5n

SC,

SAL-

Fig. S16 Structure of Coarse-graining Scheme 4
Table S4
Bond parameters Angle parameters
Kstretch(kJ * mol I<bend(kJ
DMAI18 Bond Ry Angle 00(°)

1e nm—2) mo]'l)
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1-2 0.481 2200 1-2-3 164 24
2-3 0.429 2400 2-3-4 163 24
3-4 0.375 8000 3-4-5 166 24
4-5 0.376 8000 - - -
1-2 0.476 2200 1-2-3 162 24
2-3 0.480 2200 2-3-4 163 24
C18DAH"
3-4 0.480 2200 3-4-5 161 24
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Fig. S17 Self-assembly of DMA18H+ molecules after coarse-graining Schemes 4,1000 to 2000 ns.

4. Molecular dynamics analysis of CGMD

The hydrophobic interaction results in a decrease in the contact area of the surfactant
hydrophobic tail chain with water 7. Therefore, changes in hydrophobic interactions can be
responded to by changes in the solvent accessible surface area (SASA) of the surfactant hydrophobic
tail chain with water. As shown in Fig. S18, the solvent-accessible surface area change of 100 mM
DMA18/NaSal system versus 100 mM DMA 18H+/NaSal system, DMA18 and DMA 18H+ rapidly
aggregated, and the solvent-accessible surface area rapidly decreased. Averaging the last 300 ns,
the solvent-accessible surface area of the DMA18H"/NaSal system was 1446 nm?, and the solvent-

accessible surface area of the DMA18/NaSal system was 1240 nm?.

12
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Fig. S24 Self-assembly of worm-like micellar systems containing cyclopentane (CHX)
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