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In this work, for the first time, a fast and novel assembly of morpholinium-based zwitterionic materials
(ZMs) is reported, with benzosultone 2 as the key component in the synthesis of zwitterionic smart
materials. The developed materials exhibited LCST phase separation in water, and their structural
engineering enabled the development of novel ZMs with attractive T, values (ZM 2d, T. = 15 °C) for
proof-of-concept applications in biomolecules. Furthermore, to evaluate the potential health risks of the
newly developed ZMs, experiments were conducted on both human normal gastric epithelial cells and

Received 14th October 2024, human normal colon epithelial cells. Neither the thermo-responsive ZMs, such as ZM 2d, nor its

Accepted 26th December 2024 untethered, non-thermo-responsive ionic salt IS 1, caused a decrease in cell viability in these two cell
lines at concentrations as high as 2000 pM. To the best of our knowledge, this is the first report on

morpholinium-based, small-molecule ZMs as non-toxic smart materials, with their temperature-
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Introduction

Solvents are commonly used in academic laboratories and
industrial processes. Many conventional molecular solvents are
hazardous and have obvious shortcomings, including volatility,
flammability, and inevitable toxicity. Due to these limitations,
ionic liquids (ILs) have received significant attention as alterna-
tive substitutes for conventional solvents, offering potential for
the development of sustainable processes in catalysis, synthesis,
extraction, polymerization, and material dissolution and
separation."™ While ILs have demonstrated their value and
usefulness across a variety of research studies and applications,
many still exhibit limitations, such as undesirable ion exchange
during compound extraction and notable cytotoxicity.>>° Recent
advances in small-molecule zwitterionic liquids (ZILs) and zwit-
terionic materials (ZMs) have positioned these as promising
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candidate solvents and materials for chemical and biochemical
processes.>*”™°

Many ZMs, including ZILs and their polymers, are
biocompatible.” Compared to standard ILs and ionic salts, they
exhibit distinct properties, such as very high polarity and dipole
moments,'>"! strong hydration that leads to the formation of
stable hydration shells,” antifouling characteristics, no nonspe-
cific protein adsorption on surfaces,” inconsequential ion
exchange, negligible individual ion partitioning, and minimal
volatility. In addition to their strong affinity to water, these ZILs
and ZMs readily associate with each other via interactions
between their cationic and anionic groups. As a result, their
intense intermolecular hydration and self-association abilities
make them highly sensitive to external stimuli and responsive
to temperature-induced phase changes in solvents.>'* In this
work, we report the combinatorial synthesis of a small-molecule
library of zwitterionic morpholinium sulfonate materials (ZM 1a—
f and ZM 2a-f), along with the screening of their ability to exhibit
thermo-responsive phase separation in water, and the structural
optimization of the candidate ZMs to ultimately achieve attractive
smart materials (Fig. 1). Smart materials are compounds that
possess one or more properties that are switchable or adaptable
under the influence of external stimuli, such as stress, moisture,
electric or magnetic fields, light, temperature, pH or chemicals.
Characteristically, lower and upper critical solution temperature
(LCST and UCST) systems are two typical phase-separation
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ZM 1a-f (n =1); ZM 2a-f (n =
a, propyl; b, butyl c, pentyl;
d, hexyl; e, heptyl; f, octyl

Fig. 1 General structures of the small-molecule zwitterionic morpholi-
nium sulfonate materials ZM 1la—f and ZM 2a-f.

1,12 Con-

demeanours of thermo-responsive materials in solvents.
sidering the recent advances and significant progress made in
ZMs, we envisioned that small molecules such as ZMs could be
developed with tuneable structures, particularly with the sulfo-
nate motif being readily tailor-engineered. Consequently, these
IL-based ZMs could serve as new candidate smart materials,
potentially exhibiting LCST thermo-responsive properties
(Fig. 1). These ZMs would be potentially valuable materials for
studying biomolecules, among other applications.

Experimental
Synthetic procedures

Detailed 'H and '*C NMR, as well as high-resolution mass
spectrometry (HRMS), spectra of all 12 ZMs (ZM 1a-f, ZM 2a-f)
and the ionic salt IS 1 are provided in the ESL¥

Synthesis of 3H-benzo[c][1,2]oxathiole 1,1-dioxide (2)

SO,Na Q.0 Q.o
@[ ¢ POCls S| zn,12MHCI, THF 7
A o _—
cHo  120°C,2h 1, 5h 0
70% in 2 steps
1 c 2

Phosphorus oxychloride (1.0 equiv.) was added to sodium 2-formyl-
benzenesulfonate 1 (1.0 equiv.) in a reaction flask at ambient
temperature. The mixture was heated up to 120 °C for 30 min
before phosphorus oxychloride (1.0 equiv.) was added again and the
solution was stirred for 1.5 h at the same temperature. Excessive
POCI; was removed under reduced pressure and the solid product
was triturated with crushed ice. After stirring for 10 min in ice water,
white crystals were formed, which were filtered off, washed with
water, and then concentrated under reduced pressure to remove
water to give 3-chloro-3H-benzo[c|[1,2]oxathiole 1,1-dioxide, which
was used in the next step without purification.

To a mixture containing the obtained solid 3-chloro-3H-
benzo[c][1,2]oxathiole 1,1-dioxide (1.0 equiv.), zinc dust (2.5 equiv.)
and THF (1 M), conc. aq. HCI was added dropwise at such a rate
that the reaction solution slightly boiled. The mixture was stirred
at room temperature for 5 h before filtering. The filtrate was
concentrated under reduced pressure before it was triturated
with cold water. The crystals formed were filtered, washed with
water and n-hexane, and dried in air to afford the desired
product 3H-benzo[c][1,2]oxathiole 1,1-dioxide (2): 70% yield,
white solid; "H NMR (400 MHz, CDCl;) § 5.55 (s, ArCH,0, 2H),
7.45 (d, J = 8.0 Hz, aryl H, 1H), 7.63 (dd, / = 7.6, 7.6 Hz, aryl H, 1H),
7.73 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.86 (d, J = 8.0 Hz, aryl H, 1H);
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13C NMR (100 MHz, CDCl;) 6 71.00, 121.92, 123.24, 130.01, 131.69,
133.68, 135.16; ES-HRMS m/z [M + Na]" calculated for C,H,O;NaS
199.9929, found 199.9932 (M + NaJ").

Preparation of alkanolamines (3a, 3b)

o™ KGO, KI, CHyCN (o
+ Gi_KoCOs Kl CHCN

3a (n=1), 73% yield
3b (n = 2), 81% yield

To a mixture of morpholine (2.5 equiv.), potassium carbonate
(1.2 equiv.), and potassium iodide (0.1 equiv.) in CH;CN (1 M)
at 0 °C, chloroalkanol (1 equiv.) was slowly added. The mixture
solution was stirred at the same temperature before it was
heated to 90 °C for 12 h. After the alkylation reaction, the
resulting solution was filtered, and concentrated under
reduced pressure. The residue was purified by column chro-
matography (silica gel; CH,Cl,/MeOH) to afford the desired
alkanolamines (3a, 3b).

4-Morpholinobutan-1-ol (3a): 73% yield, yellow liquid;
'H NMR (400 MHz, CDCI;) § 1.66-1.68 (m, NCH,(CH,),CH,OH,
4H), 2.39 (t, J = 5.4 Hz, NCH,(CH,);0H, 2H), 2.51 (m,
CH,CH,NCH,CH,, 4H), 3.57 (t, J = 4.8 Hz, N(CH,);CH,OH,
2H), 3.72 (t, ] = 4.8 Hz, CH,CH,OCH,CH,, 4H). *C NMR
(100 MHz, CDCl;) & 24.59, 32.20, 53.35, 58.90, 62.50, 66.43;
ESI-HRMS m/z [M + H]" calculated for CgH;gNO, 160.1332,
found 160.1336 ([M + H]").

6-Morpholinohexan-1-ol (3b): 81% yield, yellow liquid; "H NMR
(400 MHz, CDCl;) 6 1.30-1.42 (m, N(CH,),(CH.,),(CH,),0H, 4H),
1.47-1.60 (m, NCH,CH,(CH,),CH,CH,0H, 4H), 2.29 (m,
N(CH,)sOH, 12H), 2.33 (t, / = 7.8 Hz, NCH,(CH,);OH, 2H),
2.43 (m, CH,CH,NCH,CH,, 4H), 3.62 (t, J = 6.6 Hz, N(CH,)s-
CH,O0H, 2H), 3.72 (t, ] = 4.6 Hz, CH,CH,OCH,CH,, 4H); *C NMR
(100 MHz, CDCl;) & 25.57, 26.37, 27.16, 32.60, 53.74, 59.00,
62.69, 66.90; ESI-HRMS m/z [M + H]' calculated for C,,H,,NO,
188.1645, found 188.1642 (M + H]").

Synthesis of potassium morpholinobenzenesulfonates (4a, 4b)

Q.0
g 4 1) ‘BUOK, DMSO, 40 min @
_1)'BuOK, DMSO, 40 min _
C[/O HON/\/N\) 2) 1 MHCI, 10 min /\©
2 3a(n=1)
3b(n=2)

2MKOH O
bN\N/\ «@

To a solution of alkanolamine (3a, 3b; 1.2 equiv.) in DMSO
(1.5 M), potassium tert-butoxide (1.1 equiv.) was added. The
mixture was stirred for 10 min before 3H-benzo[c][1,2]oxathiole
1,1-dioxide (2) (1.0 equiv.) was added at 0 °C and then the ring-
opening reaction was allowed to proceed at room temperature
for 30 min. The resultant reaction mixture was quenched with
1 M HCI (1.1 equiv.) and stirred for 10 min before being
concentrated under reduced pressure. The residue was purified
by column chromatography (silica gel; CH,Cl,/MeOH) to give a
white solid. Finally, the white solid intermediate isolated
(1.0 equiv.) was added to aqueous KOH (2 M, 1.0 equiv.)

4a (n=1), 61% vield in 2 steps
4b (n = 2), 55% yield in 2 steps
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solution and the resulting solution was stirred for 10 min. The
solution was then concentrated under reduced pressure to
afford the desired potassium morpholinobenzenesulfonates
(4a, 4b).

Potassium 2-((4-morpholinobutoxy)methyl)benzenesulfonate
(4a): 61% yield, white solid; "H NMR (400 MHz, DMSO-d) 0
1.49-1.63 (m, OCH,(CH,),CH,N, 4H), 2.27-2.33 (m, N(CH,)s,
6H), 3.48 (t, ] = 6.2 Hz, OCH,(CH,);N, 2H), 3.56 (t, ] = 4.6 Hz,
CH,CH,0OCH,CH,, 4H), 4.89 (s, OCH,Ar, 2H), 7.18 (dd, J = 7.4,
7.4 Hz, aryl H, 1H), 7.32 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.48 (d,
J =7.6 Hz, aryl H, 1H), 7.71 (d, J = 7.6 Hz, aryl H, 1H); >C NMR
(100 MHz, DMSO-dg) d 13.43, 17.72, 19.10, 22.47, 25.92, 57.52,
59.56, 68.84, 125.77, 126.05, 126.27, 128.40, 136.36, 144.90; ESI-
HRMS m/z [M + H]' calculated for C;5H,3NO5SK 368.0928, found
368.0928 ([M + H]").

Potassium 2-(((6-morpholinohexyljoxy)methyl)benzenesulfonate
(4b): 55% yield, white solid; "H NMR (400 MHz, DMSO-dg) & 1.30-
1.48 (m, O(CH,),(CH,);CH,N, 6H), 1.55-1.62 (m, OCH,CH,(CH,),N,
2H), 2.31-2.38 (m, N(CH,)3, 6H), 3.47 (t, J = 6.4 Hz, OCH,(CH,)5N,
2H), 3.57 (t,J = 4.2 Hz, CH,CH,OCH,CH, 4H), 4.89 (s, OCH,Ar, 2H),
7.19 (dd, ] = 7.4, 7.4 Hz, aryl H, 1H), 7.32 (dd, J = 7.4, 7.4 Hz, aryl H,
1H), 7.48 (d, J = 7.6 Hz, aryl H, 1H), 7.71 (d, J = 7.6 Hz, aryl H, 1H);
BC NMR (100 MHz, DMSO-dg) § 22.99, 25.22, 25.73, 28.91, 51.22,
56.08, 63.51, 68.66, 69.73, 125.67, 125.75, 126.23, 128.58, 136.70,
144.54; ESFHRMS m/z [M + H]' calculated for C;;H,,NOsSK
396.1241, found 396.1242 (M + HJ").

Synthesis of zwitterionic morpholinium sulfonates (ZM 1a-f,
ZM 2a-f)

SOsK

E@]

CH4CN

v(f\*\ + Br—R —————
100°C,24h RN
4a(n=1)
4b(n=2) R n=1(yield) n =2 (yield)

ZM 1a (54%) ZM 2a (66%)
ZM 1b (71%) ZM 2b (57%)
ZM 1c (63%) ZM 2¢ (64%)
ZM 1d (61%) ZM 2d (66%)
ZM 1e (67%) ZM 2e (67%)
ZM1F (67%) ZM 2f (63%)

propyl
butyl
pentyl
hexyl
heptyl
octyl

To a solution of potassium morpholinobenzenesulfonate (4a, 4b;
1.0 equiv.) in CH3CN (1 M), the corresponding alkyl bromide
(1.5 equiv. for butyl, pentyl, hexyl, heptyl, and octyl bromides,
3 equiv. for the volatile bromopropane) was added. The
N-alkylation reaction was carried out at 100 °C for 24 h. The
reaction mixture was directly purified by column chromatogra-
phy (silica gel; EtOAc/MeOH) to finally afford the desired zwitter-
ionic materials ZM 1a-f and ZM 2a-f.
2-((4-(4-Propylmorpholino-4-ium)butoxy)methyl)benzenesulfo-
nate (ZM 1a): 54% yield, white solid, melting point: 220 °C;
'H NMR (400 MHz, DMSO-dg) 6 0.87 (t, J = 7.2 Hz, N(CH,),CHj,
3H), 1.58-1.73 (m, NCH,CH,CH; + OCH,(CH,),CH,N, 6H), 3.42-
3.47 (m, N(CH,),, 8H), 3.55 (t, J = 5.8 Hz, OCH,(CH,);N, 2H),
3.90 (m, CH,CH,OCH,CH,, 4H), 4.92 (s, OCH,Ar, 2H), 7.21
(dd, j = 7.4, 7.4 Hz, aryl H, 1H), 7.32 (dd, J = 7.4, 7.4 Hz, aryl H,
1H), 7.49 (d,J = 7.6 Hz, aryl H, 1H), 7.71 (d, J = 7.6 Hz, aryl H, 1H);
3C NMR (100 MHz, DMSO-d,)  10.42, 14.22, 17.70, 25.91, 57.31,
57.51, 58.96, 59.56, 68, 84, 68.85, 125.79, 126.14, 126.28, 128.45,
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136.36, 144.92; ESI-HRMS m/z [M + H]' calculated for C,3H;oNO5S
372.1839, found 372.1848 (M + HJ), 394.1666 ([M + Na]").
2-((4-(4-Butylmorpholino-4-ium)butoxy)methyl)benzenesulfonate
(ZM 1b): 71% yield, white solid, melting point: 193 °C; 'H NMR
(400 MHz, DMSO-d) 6 0.90 (t, ] = 7.2 Hz, N(CH,);CH, 3H), 1.28-
1.33 (m, N(CH,);CH,CHj;, 2H), 1.58-1.75 (m, NCH,CH,CH,CH;
+ OCH,(CH,),CH,N, 6H), 3.49 (m, N(CH,),;, 8H), 3.56 (t, J =
5.4 Hz, OCH,(CH,);N, 2H) 3.91 (m, CH,CH,0OCH,CH,, 2H),
4.93 (s, OCHAr, 4H), 7.21 (dd, J = 7.4, 7.4 Hz, aryl H, 1H),
7.32 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.49 (d, J = 7.6 Hz, aryl H,
1H), 7.72 (d, J = 7.6 Hz, aryl H, 1H); "*C NMR (100 MHz, DMSO-
de) 6 13.42,17.71, 19.09, 22.46, 25, 91, 57.15, 57.44, 57.51, 59.55,
68.82, 68.83, 125.76, 126.04, 126.28, 128.39, 136.35, 144.89; ESI-
HRMS m/z [M + H]" calculated for C,oH3,NO5S 386.1996, found
386.1986 (M + H]"), 408.1808 ([M + Na]").
2-((4-(4-Pentylmorpholino-4-ium)butoxy)methyl)benzenesulfo-
nate (ZM 1c): 63% yield, white solid, melting point: 174 °C;
'H NMR (400 MHz, DMSO-dg)  0.85 (t, J = 7.2 Hz, N(CH,),CH3,
3H), 1.24-1.31 (m, N(CH,),(CH,),CH;, 4H), 1.59-1.74 (m,
NCH,CH,(CH,)CH; + OCH,(CH,),CH,N, 6H), 3.42-3.48 (m,
N(CH,),, 8H), 3.55 (t, J = 5.4 Hz, OCH,(CH,);N, 2H) 3.90 (m,
CH,CH,OCH,CH,, 4H), 4.92 (s, OCH,Ar, 2H), 7.20 (dd, J = 7.4,
7.4 Hz, aryl H, 1H), 7.30 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.49
(d,J = 7.6 Hz, aryl H, 1H), 7.72 (d, ] = 7.6 Hz, aryl H, 1H); *C NMR
(100 MHz, DMSO-dg) 6 13.77, 17.75, 20.21, 21.61, 25.93, 27.86,
57.13, 57.52, 57.61, 59.57, 68.82, 68.86, 125.77, 126.05, 126.29,
128.40, 136.36, 144.90; ESI-HRMS m/z [M + H]" calculated
for C,oH3,NOsS 400.2152, found 400.2148 ([M + HJ'), 422.1969
(IM + NaJ").
2-((4-(4-Hexylmorpholino-4-ium)butoxy)methyl)benzenesulfo-
nate (ZM 1d): 61% yield, white solid, melting point: 174 °C;
'H NMR (400 MHz, DMSO-dg) d 0.84 (t, J = 7.2 Hz, N(CH,)sCH,
3H), 1.25 (m, N(CH,),(CH,);CHj, 6H), 1.58-1.73 (m, NCH,CH,-
(CH,);CH; + OCH,(CH,),CH,N, 6H), 3.38-3.48 (m, N(CH,,),, 8H),
3.55 (t,J = 5.8 Hz, OCH,(CH,);N, 2H) 3.90 (m, CH,CH,OCH,CH,,
4H), 4.92 (s, OCH,Ar, 2H), 7.20 (dd, J = 7.4, 7.4 Hz, aryl H, 1H),
7.30 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.48 (d, J = 7.6 Hz, aryl H,
1H), 7.71 (d, ] = 7.6 Hz, aryl H, 1H); *C NMR (100 MHz, DMSO-d) §
13.78, 17.72, 20.44, 21.91, 25.38, 25.91, 30.57, 57.11, 57.50, 57.64,
59.55, 68.80, 68.85, 125.74, 126, 00, 126.26, 128.36, 136.35, 144.89;
ESI-HRMS m/z [M + H]' calculated for C,H3¢NOsS 414.2309, found
414.2311 (M + H]"), 436.2132 (M + Na]").
2-((4-(4-Heptylmorpholino-4-ium)butoxy)methyl)benzenesulfo-
nate (ZM 1e): 67% yield, white solid, melting point: 160 °C;
"H NMR (400 MHz, DMSO-d,) 6 0.85 (t, J = 6.4 Hz, N(CH,)sCH3,
3H), 1.25 (m, N(CH,),(CH,),CHj, 8H), 1.59-1.73 (m, NCH,CH,-
(CH,),CH; + OCH,(CH,),CH,N, 6H), 3.42-3.43 (m, N(CH,),,
8H), 3.56 (t, J = 5.8 Hz, OCH,(CH,;N, 2H) 3.90 (m,
CH,CH,0CH,CH,, 4H), 4.92 (s, OCH,Ar, 2H), 7.20 (dd, J = 7.4, 7.4
Hz, aryl H, 1H), 7.30 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.48 (d,J = 7.6
Hz, aryl H, 1H), 7.71 (d, ] = 7.6 Hz, aryl H, 1H); "*C NMR (100 MHz,
DMSO-dg) 9 14.39, 18.21, 20.99, 22.43, 26.19, 26.41, 28.58, 31.55,
57.62, 57.98, 58.14, 60.04, 69.30, 69.33, 126.22, 126.50, 126.75,
128.85, 136.85, 145.39; ES-HRMS m/z [M + H]  calculated
for C,,HzsNOsS 428.2465, found 428.2457 (M + H]), 450.2278
(M + NaJ").

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2-((4-(4-Octylmorpholino-4-ium)butoxy)methyl)benzenesulfonate
(ZM 1f): 63% yield, white solid, melting point: 176 °C; "H NMR
(400 MHz, DMSO-d) 6 0.85 (t, J = 6.8 Hz, N(CH,),CH;, 3H), 1.25
(m, N(CH,),(CH,);CH,, 10H), 1.58-1.73 (m, NCH,CH,(CH,)sCH,
+ OCH,(CH,),CH,N, 6H), 3.36-3.50 (m, N(CH,),, 8H), 3.55 (t, ] =
5.8 Hz, OCH,(CH,);N, 2H) 3.90 (m, CH,CH,OCH,CH,, 4H), 4.92
(s, OCH,Ar, 4H), 7.20 (dd, ] = 7.4, 7.4 Hz, aryl H, 1H), 7.30 (dd, J =
7.4,7.4 Hz, aryl H, 1H), 7.48 (d, ] = 7.6 Hz, aryl H, 1H), 7.71 (d, ] =
7.6 Hz, aryl H, 1H); *C NMR (100 MHz, DMSO-dg) 6 13.93, 17.73,
20.50,22.02, 25.74, 25.92, 28.39, 28.51, 31.12, 57.11, 57.49, 57.63,
59.55, 68.80, 68.85, 125.72, 126.01, 126.26, 128.35, 136.36, 144.92;
ESI-HRMS m/z [M + H]" calculated for Cp3H,oNOsS 442.2622, found
442.2623 (M + HJ"), 464.2446 (M + Na]").
2~((6-(4-Propylmorpholino-4-ium)hexyl)oxy)methyl)benzenesulfo-
nate (ZM 2a): 66% yield, white solid, melting point: 204 °C; "H NMR
(400 MHz, DMSO-dg) 6 0.89 (t, J = 7.1 Hz, N(CH,),CH;, 3H), 1.30-
1.47 (m, O(CH,),(CH.,),(CH,),N, 4H), 1.58-1.62 (m, NCH,CH,CH; +
OCH,CH,(CH,),CH,CH,N, 6H), 3.36-3.41 (m, N(CH,),, 8H), 3.49
(t,J = 6.2 Hz, OCH,(CH,);N, 2H), 3.90 (m, CH,CH,OCH,CH,, 4H),
4.90 (s, OCH,Ar, 2H), 7.19 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.31
(dd,j=7.4, 7.4 Hz, aryl H, 1H), 7.48 (d, ] = 7.6 Hz, aryl H, 1H), 7.70
(d,J = 7.6 Hz, aryl H, 1H); ">C NMR (100 MHz, DMSO-dg) § 10.45,
14.27, 20.49, 25.26, 25.50, 29.00, 57.47, 57.54, 58.91, 59.55, 68.69,
69.68, 125.59, 125.62, 126.21, 128.40, 136.68, 144.75; ESI-HRMS
m/z [M + H]" calculated for C,,H;3,NOsS 400.2152, found 400.2156
(M + H]"), 422.1977 (M + Na]'), 438.1714 (M + K]").
2-(((6-(4-Butylmorpholino-4-ium)hexyl)oxy)methyl)benzene-
sulfonate (ZM 2b): 57% yield, white solid, melting point: 179 °C;
'H NMR (400 MHz, DMSO-dq) 6 0.93 (t, J = 7.0 Hz, N(CH,);CH3,
3H), 1.31-1.44 (m, O(CH,),(CH,),(CH,),N + N(CH,),CH,CHj,
6H), 1.60-1.61 (m, NCH,CH,CH,CH, + OCH,CH,(CH,),CH,CH,N,
6H), 3.41 (m, N(CH,),, 8H), 3.49 (t, J = 5.8 Hz, OCH,(CH,);N, 2H),
3.90 (m, CH,CH,OCH,CH,, 4H), 4.90 (s, OCH,Ar, 2H), 7.19 (dd, J =
7.4,7.4 Hz, aryl H, 1H), 7.31 (dd, /= 7.4, 7.4 Hz, aryl H, 1H), 7.48 (d,
J=7.6 Hz, aryl H, 1H), 7.70 (d, J = 7.6 Hz, aryl H, 1H); *C NMR (100
MHz, DMSO-dg) 6 13.49, 19.11, 20.50, 22.54, 25.26, 25.49, 29.01,
57.30, 57.42, 57.47, 59.56, 68.70, 69.69, 125.59, 125.62, 126.21,
128.41, 136.69, 144.74; ESI-HRMS mj/z [M + H]' calculated for
C,1H36NO5S 414.2309, found 414.2308 ([M + H]'), 436.2130 ([M +
Na]"), 452.1875 (M + K]").
2-(((6-(4-Pentylmorpholino-4-ium)hexyl)oxy)methyl)benzene-
sulfonate (ZM 2c): 64% yield, white solid, melting point: 183 °C;
'H NMR (400 MHz, DMSO-d) 6 0.89 (t,J = 7.0 Hz, N(CH,),CH;,
3H), 1.24-1.47 (m, O(CH,),(CH,),(CH,),N + N(CH,),(CH,),CH,, 8H),
1.60-1.63 (m, NCH,CH,(CH,),CH; + OCH,CH,(CH,),CH,CH,N,
6H), 3.37-3.41 (m, N(CH,),, 8H), 3.49 (t, ] = 6.2 Hz, OCH,(CH,);N,
2H), 3.90 (m, CH,CH,0CH,CH,, 4H), 4.90 (s, OCH,Ar, 2H), 7.19 (dd,
J=7.4,7.4 Hz, aryl H, 1H), 7.31 (dd, ] = 7.4, 7.4 Hz, aryl H, 1H), 7.48
(d,J = 7.6 Hz, aryl H, 1H), 7.70 (d, J = 7.6 Hz, aryl H, 1H); >°C NMR
(100 MHz, DMSO-dg)  13.75, 20.23, 20.50, 21.63, 25.26, 25.49, 27.83,
29.01, 57.34, 57.45, 57.59, 59.56, 68.71, 69.69, 125.60, 125.60, 126.21,
128.41, 136.69, 144.73; ESFHRMS m/z [M + H]" calculated for
C,H3sNO5S 428.2465, found 428.2464 (M + H['), 450.2284 ([M +
Na]'), 466.2022 ([M + K]").
2-(((6-(4-Hexylmorpholino-4-ium)hexyl)oxy)methyl)benzene-
sulfonate (ZM 2d): 66% yield, white solid, melting point:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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183 °C; 'H NMR (400 MHz, DMSO-dg) & 0.87 (t, J = 6.4 Hz,
N(CH,)sCH;, 3H), 1.29-1.47 (m, O(CH,),(CH,),(CH,),N +
N(CH,),(CH;);CHj;, 10H), 1.60-1.63 (m, NCH,CH,(CH,);CH; +
OCH,CH,(CH,),CH,CH,N, 6H), 3.37-3.41 (m, N(CH,),, 8H), 3.49
(t,J = 6.4 Hz, OCH,(CH,)sN, 2H), 3.89 (m, CH,CH,OCH,CH,, 4H),
4.90 (s, OCH,Ar, 2H), 7.19 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.31
(dd,j=7.4,7.4Hz, aryl H, 1H), 7.48 (d,J = 7.6 Hz, aryl H, 1H), 7.70
(d,] = 7.6 Hz, aryl H, 1H); *C NMR (100 MHz, DMSO-d,) 6 13.80,
20.47, 20.51, 21.89, 25.26, 25.35, 25.49, 29.01, 30.61, 57.37, 57.46,
57.61, 59.56, 68.71, 69.69, 125.59, 125.60, 126.21, 128.40, 136.69,
144.74; ESI-HRMS m/z [M + H]" calculated for C,3H4oNO5S
4422622, found 442.2628 (M + HJ'), 464.2448 (M + Na]’),
480.2188 (M + K]").
2-(((6-(4-Heptylmorpholino-4-ium)hexyl)oxy)methyl)benzene-
sulfonate (ZM 2e): 67% yield, white solid, melting point: 183 °C;
'H NMR (400 MHz, DMSO-dg) d 0.87 (t, J = 6.6 Hz, N(CH,)sCH,
3H), 1.27-1.47 (m, O(CH,),(CH,),(CH,),N + N(CH,),(CH,),CH,
12H), 1.60-1.63 (m, NCH,CH,(CH,),CH; + OCH,CH,(CH,),-
CH,CH,N, 6H), 3.41 (m, N(CH,),, 8H), 3.49 (t, ] = 6.2 Hz,
OCH,(CH,);N, 2H), 3.89 (m, CH,CH,0OCH,CH,, 4H), 4.90 (s,
OCH,Ar, 2H), 7.19 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.31 (dd,
J=7.4,7.4 Hz, aryl H, 1H), 7.48 (d, J = 7.6 Hz, aryl H, 1H), 7.70 (d,
J =7.6 Hz, aryl H, 1H); *C NMR (100 MHz, DMSO-d) § 13.92,
20.51, 20.51, 21.97, 25.27, 25.49, 25.65, 28.11, 29.01, 31.02,
57.38, 57.46, 57.58, 59.56, 68.71, 69.69, 125.60, 125.60, 126.22,
128.40, 136.69, 144.73; ESI-HRMS m/z [M + H]" calculated for
C,4H,NOSS 456.2778, found 456.2785 ([M + HJ'), 478.2605
(IM + Na]"), 494.2347 (M + K]").
2-(((6-(4-Octylmorpholino-4-ium)hexyl)oxy)methyl)benzene-
sulfonate (ZM 2f): 63% yield, white solid, melting point: 171 °C;
'H NMR (400 MHz, DMSO-dq) 6 0.86 (t, ] = 6.8 Hz, N(CH,),CH;, 3H),
1.26-1.47 (m, O(CH,),(CH,),(CH,),N + N(CH,),(CH,)sCH;, 14H),
1.60-1.63 (m, NCH,CH,(CH,)sCH; + OCH,CH,(CH,),CH,CH,N,
6H), 3.40-3.41 (m, N(CHy),, 8H), 3.49 (t, ] = 6.4 Hz, OCH,(CH,);N,
2H), 3.89 (m, CH,CH,OCH,CH,, 4H), 4.90 (s, OCH_Ar, 2H), 7.19 (dd,
J=7.4,7.4 Hz, aryl H, 1H), 7.31 (dd, J = 7.4, 7.4 Hz, aryl H, 1H), 7.48
(d,J = 7.6 Hz, aryl H, 1H), 7.70 (d, J = 7.6 Hz, aryl H, 1H); *C NMR
(100 MHz, DMSO-d,) 6 13.95, 20.51, 20.52, 22.05, 25.28, 25.50, 25.69,
28.40, 28.46, 29.02, 31.15, 57.38, 57.47, 57.60, 59.57, 68.72,
69.70, 125.60, 125.61, 126.23, 128.41, 136.70, 144.73; ESI-
HRMS m/z [M + H]" calculated for C,5H,4,NOsS 470.2935, found
470.2927 (M + H]'), 492.2746 (M + Na]'), 508.2486 ([M + K]").

Synthesis of the non-zwitterionic ionic salt IS 1

o.
[ ] 1-bromohexane, K,CO3 o
N CH4CN, 60 °C, 12 h N NN
H 63%
1. SOCl,, DMF
Q_o 'BuOK, ProH QL 60°C 2 QL
OF mgn” O3 o CLLT
DMSO, 1t, 1h o 2. EtN, PrOH °
51% ~~ " CHyCl, 1, 20h ~N
2 5 79% yield in 2 steps 6
o.
o 6, CHsCN [Nj _~_O
K/N\/\/\/ 80°C. 20 h Hex’@\/\ ©s0,
49% after recrystallization 1S 1
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Preparation of N-hexylmorpholine

[ j 1-bromohexane, K,CO3 O/\

CH3CN, 60 °C, 12 h N~

63%

To a mixture of morpholine (1.1 equiv.) and potassium carbonate
(1.1 equiv.) in CH3CN (1 M), 1-bromohexane (1.0 equiv.) was
added. The N-alkylation reaction was carried out at 60 °C for 12 h.
After the reaction, the mixture was filtered with a funnel, and
concentrated under reduced pressure. The residue was diluted
with CH,Cl,, then extracted with 10 wt% sodium bicarbonate
(3x). The combined organic layers were dried over Na,SO, and
concentrated to afford N-hexylmorpholine as a yellow liquid: 63%
yield, yellow liquid; "H NMR (400 MHz, CDCl;) § 0.90 (t, J =
6.7 Hz, N(CH,)sCH;, 3H), 1.29-1.36 (m, N(CH,),(CH,);CH,, 6H),
1.46-1.51 (m, NCH,CH,(CH,);CH,, 2H), 2.3 (t, ] = 7.8 Hz,
NCH,(CH,),CH;, 2H), 2.45 (m, CH,CH,NCH,CH,, 4H), 3.73
(t, J = 4.7 Hz, CH,CH,OCH,CH,, 4H).

Preparation of potassium 2-(propoxymethyl)benzenesulfonate
®)

Q.o 'BUOK, PrOH QL

S‘o S-ok
DMSO, it, 1 h O

61% 5

To a solution of propanol (1.2 equiv.) in DMSO (1 M). Potassium
tert-butoxide (1.1 equiv.) was slowly added. The mixture was
stirred for 30 min before 3H-benzo[c][1,2]oxathiole 1,1-dioxide
(2) (1.0 equiv.) was added at 0 °C and then at room temperature
for another 30 min. The residue was directly purified by column
chromatography (silica gel; CH,Cl,/MeOH) to finally afford the
desired potassium 2-(propoxymethyl)benzenesulfonate (5) as a
white solid: 61% yield, white solid; '"H NMR (400 MHz, DMSO-
de) & 0.92 (t, J = 7.4 Hz, O(CH,),CH;, 3H), 1.55-1.64 (m,
OCH,CH,CHj3, 2H), 3.43 (t, ] = 6.5 Hz, OCH,CH,CHj, 2H), 4.89
(s, OCH,Ar, 2H), 7.18 (dd, = 7.4, 7.4 Hz, aryl H, 1H), 7.32 (dd, ] =
7.2,7.2 Hz, aryl H, 1H), 7.49 (d, ] = 7.5 Hz, aryl H, 1H), 7.70 (d, ] =
7.1 Hz, aryl H, 1H).

Preparation of propyl 2-(propoxymethyl)benzenesulfonate (6)

1. SOCl,, DMF
Q\S,,O 60°C 2h Q\S/P
CL;OK o~
o 2. EtsN, PrOH o
"~ 7 CH,Cly, 1t, 20 h ~N
5 79% vyield in 2 steps 6

To a solution of thionyl chloride (2.5 equiv.) in DMF
(0.1 equiv.), 5 (1.0 equiv.) was added to at room temperature.
The mixture was heated to 60 °C for 2 h. Excess thionyl chloride
was removed under reduced pressure to give the intermediate
sulfonyl chloride.

To a solution of triethylamine (2.5 equiv.) in propanol
(5 equiv.) at 0 °C, sulfonyl chloride (1 equiv.; 2 M in CH,Cl,)
was added in a dropwise fashion. This nucleophilic acyl sub-
stitution reaction was then performed at room temperature for
20 h. Excess propanol and triethylamine were removed under
reduced pressure. The residue was diluted with CH,Cl,, then
washed with brine (3x). The combined organic layers were
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dried over Na,SO, and concentrated to finally afford the desired
propyl 2-(propoxymethyl)benzenesulfonate (6) as a yellow
liquid: 79% yield, yellow liquid; "H NMR (400 MHz, CDCl;) &
0.92 (t, J = 7.4 Hz, SO,(CH,),CH;, 3H), 0.98 (t, J = 7.4 Hz,
CH,O(CH,),CH;, 3H), 1.64-1.74 (m, SO;CH,CH,CH; + CH,OCH,-
CH,CH,, 4H), 3.55 (t, J = 6.7 Hz, CH,OCH,CH,CH;, 2H), 3.98
(t,] = 6.6 Hz, SO;CH,CH,CHj, 2H), 4.91 (s, OCH,Ar, 2H), 7.42 (dd,
J=7.5,7.5 Hz, aryl H, 1H), 7.65 (dd, J = 7.2, 7.2 Hz, aryl H, 1H),
7.84 (d, J = 7.8 Hz, aryl H, 1H), 7.97 (d, J = 7.9 Hz, aryl H, 1H).

Synthesis of IS 1

8, CHyCN [ j H/\/o
K/N\/\/\/ 80°C. 20 h Hex” @ 9505
49% after recrystallization 181

To a solution of propyl 2-(propoxymethyl)benzenesulfonate (6)
(1.0 equiv.) in CH;CN (1 M), N-hexylmorpholine (1.3 equiv.) was
added at room temperature. The quaternary ammonium form-
ing reaction was carried out at 80 °C for 20 h, after the reaction,
the reaction mixture was concentrated under reduced pressure
to afford the desired product as a solid, which was further recrys-
tallized using EA/hexane to finally obtain IS 1: 49% yield, white
solid, melting point: 122 °C; "H NMR (400 MHz, CDCl;) § 0.87 (t, ] =
6.6 Hz, N(CH,);CHj; 3H), 0.94-0.98 (m, CH,O(CH,),CH; +
N(CH,),CH;, 6H), 1.26-1.29 (m, N(CH,),(CH,);CH,, 6H), 1.57-1.71
(m, NCH,CH,(CH,);CH; + NCH,CH,CH; + SO;CH,CH,CH;, 6H),
3.33-3.39 (m, NCH,(CH,),CH; + NCH,CH,CH;, 4H), 3.51-3.55
(m, CH,CH,NCH,CH, + CH,OCH,CH,CH;, 6H), 3.92-3.93 (m,
CH,CH,OCH,CH,, 4H), 5.11 (s, OCHAr, 2H), 7.19 (dd, J = 7.5, 7.5
Hz, aryl H, 1H), 7.34 (dd, J = 7.5, 7.5 Hz, aryl H, 1H), 7.65 (d, ] = 7.7
Hz, aryl H, 1H), 7.92 (d, ] = 7.7 Hz, aryl H, 1H); >C NMR (100 MHz,
CDCl,) 6 10.80, 10.86, 13, 98, 15.23, 21.63, 22.52, 23.28, 26.04, 31.31,
58.18, 59.20, 60.59, 60.72, 69.46, 72.62, 125.95, 126.67, 126.94,
129.52, 137, 76, 143, 42; ESFHRMS m/z [M + H]' calculated for
C13H,gNO' 214.2165, found 214.2168 ([M + H]").

Cell culture and cytotoxicity measurements

Human normal gastric epithelial cells (GES-1) and human nor-
mal colon epithelial cells (FHC) were cultured at 37 °C in RPMI
1640 medium (Gibco), supplemented with 10% fetal bovine
serum (ExCell Bio, Shanghai, China) and 1% penicillin-strepto-
mycin (Sigma-Aldrich, St. Louis, USA). Cells at passages 5-7 post-
thawing were selected for cytotoxicity assessment. After a 24 h
culture period, the cells seeded in a 96-well plate were exposed to
varying concentrations of ZIL or IL (0, 0.1, 0.5, 2.0, 7.8, 31.3, 125,
500, and 2000 pM) for 48 h. Cell viability was measured using the
CellTiter-Lumi™ Plus Luminescent Cell Viability Assay Kit (Beyo-
time Biotechnology, Shanghai, China) as per the manufacturer’s
instructions.

For the cell proliferation test, FHC cells seeded in a 24-well
plate were exposed to 2000 uM IL for 48 h. The treated cells
were washed with phosphate-buffered saline (PBS) and then
stained with NucBlue™ Live ReadyProbes™ Reagent (Invitro-
gen™, Thermo Fisher Scientific Inc., Waltham, USA) for 15 min.
Following removal of the staining solution, the cells were
incubated with PBS and photos were taken of them using an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Eclipse Ti2-U fluorescence microscope (Nikon Instruments
Inc., Tokyo, Japan).

Results and discussion
Library synthesis of ZMs

Our structural design of the studied ZMs (ZM 1a-f and ZM 2a-f)
is shown in Fig. 1. We selected morpholiniums as the cations in
the ZMs, with an aim to ensure low toxicity and a practically
harmless nature of the ZMs,"*™*° to participate in interactions
with very low-toxicity sulfonate anions.'””'® Accordingly, we
synthesized a small-molecule ZM library to facilitate the dis-
covery of potentially greener, temperature-switchable ionic
liquid-based materials. Fig. 2 illustrates our concise synthesis
of a library of 12 zwitterionic morpholinium sulfonate materi-
als, namely ZM 1a-f and ZM 2a-f. Here, the critical element,
benzosultone 2, was prepared from commercial, inexpensive
sodium 2-formylbenzenesulfonate 1 following a modified lit-
erature procedure.'® Sultone scaffolds are well-known, valuable
heterocycles for organic synthesis®® and material discovery.*
We commenced our library synthesis from 1, which underwent
a sequence of four reactions: (1) 5-membered chlorosultone
formation by POCl; under heated conditions, followed by (2)
zinc reduction, leading to the formation of 2, (3) a base-
mediated O-alkylation reaction with N-morpholine-substituted
alkanols (3a, 3b), which were straightforwardly prepared from
commercial 4-chlorobutanol (for 3a) and 6-chlorohexanol (for 3b)
with morpholine, and, finally, (4) zwitterion forming reactions
with six alkyl (n-propyl to n-octyl) bromides under heated condi-
tions to eventually afford the 12 desired products, ZM 1a-f and ZM
2a-f. In our experiments, the overall isolated yields for these 4-step
syntheses of the zwitterions ZM 1a-f and ZM 2a-f were relatively
moderate: 23-30% and 22-26%, respectively. The detailed *H and
3C NMR, as well as high-resolution mass spectrometry (HRMS),
spectra of all 12 ZILs are summarized in the ESL¥

Small-molecule zwitterionic morpholinium sulfonates as LCST-
type smart materials

Common salts exhibit good miscibility with water. However,
ILs, ZILs, and other ionic materials with combinations of
anions and cations can have characteristic miscibility or immis-
cibility with water. Recent advances®'? have revealed that the
water solubility of these materials can change dramatically
upon temperature changes; that is, IL-based materials and

o
3a(n=1)
Zn, HCI (12 W) Q.0 ”0/\(")?\"“) 3b (n=3)

0
SONa  POC, 30
—_— @[(‘0 o
CHO  120°C,2h THF,#t,5h 'BuOK, DMSO, rt, 40 min
b | 70%in2 steps

1 2

@ SO:K  R-Br, MeCN ( ej 50,©
N
0 > )N
e 100°C, 24 h RO o
daimiiii 54.71%
n= %
4b (n = 3), 55% ZM1af(n=1)&2ZM2a-f(n=2)

Fig. 2 Synthesis of the morpholinium-based zwitterionic materials, ZM
la—f and ZM 2a—f.
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solvents may be immiscible under certain molar or mass ratios
but can be turned into homogeneous single-phase solutions by
raising (i.e., UCST) or lowering (i.e., LCST) the temperature to
reach their critical transition temperature (T¢).

When they are thermo-responsive, a majority of binary
mixtures exhibit UCST phase separation. The opposite LCST
type (the material miscibility in water decreases upon tempera-
ture increases) is primarily observed and reported in polymer
mixtures, and only a few examples of LCST phase behavior are
known for small-molecule IL-based materials.*'* Fig. 3 shows our
small library of 12 zwitterionic morpholinium benzenesulfonates
(zM 1a-f and ZM 2a-f) and their LCST phase behaviors toward
temperature changes in water. To screen and successfully identify
ZMs carrying temperature-switchable properties, each zwitterion
product was mixed with water in a mass ratio of 1:5 (w/w), and
then the mixture was placed in a water bath (4 °C) followed by
gradual heating until it reached 90 °C. If present, the T, for LCST
transition was experimentally determined at a temperature point
when the solution started turning misty during heating, as
observed by the naked eye. To facilitate such T, determination,
Coomassie blue dye (0.006 wt% in water) was used to make the
phase separation more visible. To our delight, in this library of 12
ZMs investigated (Fig. 3), three zwitterions, namely ZM 1e, ZM 1f,
and ZM 2d (labeled in green), were found to exhibit the LCST
property with T, values of 45 °C, 23 °C, and 15 °C, respectively. In
Fig. 3, the library screening results for the ZMs blotted in red and
blue indicate the complete formation of a homogeneous single-
phase solution and a heterogeneous two-phase mixture with
water between 4 °C and 90 °C, respectively. It has been reported
that the phase property of a temperature-sensitive material is a
delicate balance between the hydrophobicity and hydrophilicity
of the ionic salts investigated.>'? Our results are consistent with

ZM 1e
(LCST, T, = 45°C)
)
o SO;
e :
Mo
CgHy7

e
(LCST, Tc=23°C)

7.(°C)

=y 1
Hex Hetft -~ 2 j“
R P Oct

M homogeneous (one-phase) solution I heterogeneous (two-phase) mixture Ml LCST thermoresponsiveness

Fig. 3 Thermo-responsive materials screening of a small library of twelve
zwitterionic morpholinium sulfonates (ZM 1a—f and ZM 2a—f) upon mixing
with water (1:5, w/w) at temperatures between 4 °C and 90 °C. Phase
transition results, shown in red and blue, indicate an entirely homoge-
neous single—phase solution and a heterogeneous two-phase mixture,
respectively, between 4 °C and 90 °C. From this library, three ZMs (labeled
in green) showed LCST phase transitions: ZM 1e (T, = 45 °C), ZM 1f (T, =
23 °C), and ZM 2d (T. = 15 °C). Inset: A QR code provided for readily
viewing the video of the LCST phase transition with heating and cooling of
ZM 1f in water (1:5, w/w).
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such experimental observations, with ZM 1e, ZM 1f, and ZM 2d
(green) found to reside on the rim between being hydrophilic
(red) and hydrophobic (blue). In terms of the thermo-responsive
ZM 1e and ZM 1f discovered, the structurally more hydrophobic
ZM 1f (T, = 23 °C) exhibited, as expected, a lower T, value than
that of ZM 1e (T, = 45 °C) (Fig. 3). ZM 2d produced an attractive T,
(15 °C) and is considered to be a suitable candidate zwitterion for
applications with biomolecules.

Fig. 4A shows that, as a representative example, ZM 1f
formed a single-phase homogeneous solution with water at a
low temperature (4 °C). Upon heating above 23 °C, a two-phase
system started to develop with this zwitterion in the bottom
layer. A well-separated two-layer solution mixture was formed at
a much higher temperature (45 °C). This temperature-triggered
intermixing and separating with water were completely rever-
sible, demonstrating that ZM 1f is a small-molecule zwitterion
exhibiting LCST phase transition with water.

For any given LCST system in water, the 7. value is greatly
influenced by the mass and mole fractions of the ZM studied.
Fig. 4B shows the phase diagrams of a mixture of water with ZM
1f, showing a typical bowl-shaped curve with the lowest critical
temperatures near its mass ratio of 1:10 and mole ratio of
1:243 (ZM 1f/H,0). For the two other ZMs exhibiting thermo-
responsive properties with water shown in Fig. 3 (i.e., ZM 1e
and ZM 2d), their phase diagrams are given in the ESI{ (see
Fig. S1 and S2). We also experimentally investigated them to see
if, upon phase separation in water, the temperature-sensitive
ZMs (e.g., ZM 1e and ZM 2d) could be recovered effectively. To
our delight, high recovery yields were obtained for both ZM 1e
and ZM 2d after ZM layer separation, collection, and lyophiliza-
tion: 95% and 98%, respectively. Furthermore, thermal stability
is a prerequisite for temperature-sensitive ZMs application in
water. Thermogravimetric analysis (TGA) was thus performed
and the TGA results for the thermo-responsive ZM 1e, ZM 1f,
and ZM 2d similarly showed they all experienced a 10% weight

(A) (B) 50

ZM 1f

4°C

-.
S —

temperature

| T T T T
005 01 015 02 025 03 035
23 9C 45 °C mass fraction

ZMm 1f
(T.=20°C)

temperature

T T T
/] 0.005 001
mole fraction

T
0015 0.02

Fig. 4 (A) Temperature-dependent phase transitions of binary mixtures
(5:1, w/w) of water with ZM 1f (T. = 23 °C) at 4 °C, 23 °C, and 45 °C,
respectively. Coomassie blue dye (0.006 wt% in water) was added to make
the phase separation more noticeable. (B) Phase diagrams (T. vs. mass
fraction and T, vs. mole fraction) of water mixtures with ZM 1f. Solid lines
are used as a guide for the eye.
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loss above 246 °C, which well exceeded water’s boiling point
(100 °C). They displayed major derivative thermogravimetry
(DTG) peaks at 260 °C, 312 °C, and 332 °C, respectively (Fig.
S1, ESIY). This successful development of small-molecule mor-
pholinium arylsulfonates as LCST-type thermo-responsive ZMs
highlights their structural tunability and engineering potential.

Non-cytotoxicity of zwitterionic morpholinium
benzenesulfonate materials to human cells

Materials research focuses on the synthesis of new-fangled
structures, property characterization, and targeted applica-
tions. Developing thermosensitive materials is aimed at bene-
fiting from their property alteration (such as solvent-miscible
transformation to solvent-immiscible) upon temperature
changes in the environment. Many IL materials are known to
be toxic, while ZILs are less toxic,”>® and, accordingly, the
zwitterionic structure is a key factor at developing low-toxicity,
biocompatible smart materials.*”~° To produce more sustain-
able thermo-responsive ZMs, we selected ZM 2d as the repre-
sentative material along with its homologous ionic salt IS 1,
and investigated its cytotoxicity to human cells.

o $0,© o so®
@ ’ e ’
) SN0 | N[ NN
CgHy3 CeHis
ZM 2d 1IS1

Morpholinium benzenesulfonates are highly charged, organic
ZMs that can sustain their overall electroneutrality (Fig. 1). These
ZMs offer various potential advantages, including inconsequential
ion exchange and non-fouling during bioprocessing.* Both mor-
pholinium cations and sulfonate anions in ZMs were selected
because of their moderate to low cytotoxicity to mammalian cells,
bacteria, and fungi, as reported in the literature.”**® In addition,
small-molecule ZMs featuring embedded morpholinyl substituent
with temperature-switchable properties remain underexplored.

IL materials, such as ZMs, were developed in this work with
negligible vapor pressure and total benignity to the atmosphere,
which would lead to a decreased exposure risk by inhalation and
therefore no pollution to the atmosphere. However, ILs can still
be hazardous when released into the ecosystem by polluting soils
and waters due to their increased accumulation, directly posing a
threat and danger to human health.” That is, their potential
influence on human safety still needs to be studied and eluci-
dated. Serving as the initial barrier against orally ingested IL-
based materials, we decided to evaluate the cytotoxicity of ZMs in
humans. We chose to test gastrointestinal tract-associated epithe-
lial cell lines, GES-1 (human normal gastric epithelial cells) and
FHC (human normal colon epithelial cells).® The implications of
this investigation are twofold. First, the “green impact” of these
IL materials on environmental waters and soil can no longer be
overlooked. Second, by investigating ZMs, biosafety optimization
efforts will further enhance the broad applications and develop-
ments of the next generation of IL-based materials. The results in
Fig. 5 demonstrate that neither ZM 2d nor its homolog IS 1
caused a decrease in the viability of these two cell lines at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cytotoxicity of ZM 2d and its homologous ionic salt IS 1. (a) and (b)
Viability of GES-1 (a) and FHC cells (b) following treatment with ZM 2d or IS
1, as determined by the CellTiter method. (c) Photos of NucBlue™-stained
FHC cells showing increased cell density when exposed to 2000 uM IS 1. In
panels a and b, data are presented as the mean + s.d., with three
independent measurements performed for each test. *p < 0.05, when
comparing ZM 2d and IS 1 treatment at the same concentration.

concentrations as high as 2000 uM. The median effective con-
centrations (ECso) of ZM 2d and IS 1 in these two cell lines were
much higher than 2000 pM, suggesting their extremely low
cytotoxicity. Interestingly, IS 1 administration at concentrations
of 500 and 2000 uM increased the viability of FHC cells, but not
GES-1 cells, by 16% and 44%, respectively (Fig. 5b).>" Cell viability
was tested using the CellTiter method, which operates on the
primary hypothesis that chemical treatment does not alter a cell’s
adenosine triphosphate (ATP) content.*® A qualitative cell prolif-
eration test was performed to determine whether the increase in
cell viability in FHC cells treated with high doses of IS 1 was due to
an increased cellular ATP content or enhanced cell proliferation.
The results, as shown in Fig. 5c, show that treatment with 2000 uM
IS 1 significantly increased the density of FHC cells, suggesting a
promotive effect on cell proliferation. The developed ZM 2d and IS 1
were thus found to be harmless and nontoxic to both GES-1 and
FHC cells at concentrations as high as 2000 uM. Such low toxicity of
the tested compounds was in accord with the low toxicity commonly
attributed to ZILs.”® The detailed mechanism of the apparent
promotion of human FHC cell proliferation by IS 1 is still under
investigation and shall be disclosed in due course.

Preliminary and concept validation application

We designed and synthesized novel thermo-responsive zwitterio-
nic materials to ensure that the ZMs developed would be compa-
tible with biomolecule applications involving temperature-
triggered phase separation. Protein separation and purification
are typically carried out using time-consuming chromatographic
procedures. Accordingly, developing a technologically straightfor-
ward and non-chromatographic method for concentrating very
dilute aqueous solutions containing only small amounts of pre-
cious proteins is crucial.

Since ZM 2d is non-cytotoxic to human cells, it is an ideal
candidate material for analyzing biomolecules, such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photos and UV-vis spectra of the temperature-triggered phase
transition demonstrating biomolecule enrichment from aqueous mixtures
(1:10, w/w) of ZM 2d in (A) a solution of Coomassie blue dye (36 pM) and
(B) a solution of equine heart cytochrome ¢ protein (30 pM). The UV-vis
spectra were measured using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) to quantitatively determine the
degree of enrichment in Coomassie blue dye (Lmax at 596 nm) and equine
heart cytochrome c protein (Soret band at 406 nm), respectively.

proteins, can be used in studies to explore the potential of
ZMs for direct application to enrich very dilute biomolecular
solutions. ZM 2d (T, = 15 °C) was selected because it exhibited
an LCST phase transition well below body temperature (37 °C)
in water. As for a proof-of-concept application, we selected the
high molecular-weight Coomassie blue dye and the equine
heart cytochrome c protein for their ease of naked-eye visuali-
zation to test if the concentration enrichment of a highly
diluted solution could be realized by ZM 2d. As shown in
Fig. 6, biomolecules were greatly enriched upon adding ZM
2d and mixing it with dilute dye and protein solutions. As a
result, the Coomassie blue dye and cytochrome ¢ protein were
enriched substantially, 19- and 16-fold respectively, when a
mass ratio of 1:10 of ZM 2d/H,0 was employed. According to
the spectra shown in Fig. 6A, the upper aqueous phase (blue
spectrum) was mostly free of the blue dye, and all the Coomas-
sie dye was partitioned and concentrated in the ZM 2d-rich
bottom layer. The ZM 2d also readily enriched cytochrome ¢
protein (Fig. 6B). In the case of cytochrome ¢, its Soret band was
preserved and no precipitation of the protein was observed
during the entire temperature-triggered mixing and de-mixing
process. On one hand, the protein examined in the enrichment
experiments using ZM 2d could be recovered with excellent
yield (98%).

Conclusions

We reported in this work the concise 4-step synthesis of a small
library of 12 zwitterionic morpholinium sulfonate materials
(zMs), and expeditiously discovered three new ZMs (ZM 1e, ZM
1f, and ZM 2d) that have good thermal stability and could
exhibit desirable LCST phase separation in water. Using the
discovered ZM 2d (T. = 15 °C) as a candidate material, we
evaluated the potential health risks from the new ZMs devel-
oped and experimentally found there was no decrease in

Mater. Adv,, 2025, 6, 1164-1172 | 1171


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01029a

Open Access Article. Published on 28 December 2024. Downloaded on 6/14/2026 5:41:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

viability of human normal GES-1 and FHC cells when exposed to
ZM 2d. This is the first report on morpholinium-based, small-
molecule ZMs as smart materials that are nontoxic, and where
their miscibility and immiscibility with water triggered by
temperature are entirely reversible. We concur that the combi-
natorial approach developed in this work is a highly convenient
and effective technology platform to discover thermo-responsive
materials promptly. It is still being developed, and more suc-
cessful examples of ZM discovery may emerge in the future.
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