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Abstract Gemini-type cationic surfactants containing
carbonate linkages as biodegradable and chemically recy-
clable segments, consisting of two long-chain alkyl groups,
two quaternary ammonium groups and a linker moiety,
were designed and synthesized as novel green and sus-
tainable cationics with improved physicochemical and
biological activities. The gemini-type cationics containing
a carbonate linkage showed lower critical micelle con-
centration values compared to the corresponding single-
type cationics. Also, the gemini-type cationics containing a
carbonate linkage in the linker moiety showed strong
antimicrobial activities. The biodegradability of the gem-
ini-type cationics was significantly improved when a car-
bonate linkage was introduced into the linker moiety. The
maximum biochemical oxygen demand-biodegradability of
the gemini-type cationics containing a carbonate linkage in
the linker moiety exceeded 70% after a 28-day incubation.
Furthermore, the gemini-type cationics containing both a
carbonate linkage and an n-dodecyl group showed a
chemical recyclability using a lipase (E.C. 3.1.1.3).
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Introduction

Recently, the syntheses and properties of the gemini-type
surfactants consisting of two hydrophobic alkyl chains, two
hydrophilic groups and a linker in the same molecule have
been extensively studied by many researchers. It was found
that the surfactant properties of gemini-type surfactants,
such as a low critical micelle concentration (CMC) value
and surface tension lowering, were superior to those of the
corresponding single-type surfactants [1-8]. Therefore,
gemini-type surfactants can be regarded as a green surfac-
tant because they showed higher functionalities that led to a
reduction in their consumption. Due to the water-soluble
nature of the surfactants, they are generally difficult to
recover or reuse. Therefore, they are discharged as drainage
into the environment and are widely diffused, if they are not
biodegradable. Thus, the development of biodegradable
gemini-type surfactants is now needed with respect to
environmental issues. Biodegradable saccharide-derived
gemini-type nonionic surfactants have been already repor-
ted [9, 10]. Reduced-sugar-based gemini-type nonionic
surfactants have been synthesized and characterized [11—
13]. Also, a tartrate-derived bis(sodium sulfate)-type
chemocleavable gemini surfactant containing ester linkages
showed good biodegradability [14]. These surfactants may
become candidates for green surfactants. Furthermore, even
water-soluble surfactants should be chemically recycled as
much as possible in order to establish their sustainability in
the industrial field. A lipase-catalyzed chemical recycling
may become one of the green methods because lipase is a
renewable catalyst with high catalytic activities.

It is known that quaternary ammonium gemini-type
cationic surfactants show antimicrobial activities against a
broad range of microorganisms in addition to their sur-
factant properties [15, 16]. However, there are few reports
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about biodegradable gemini-type cationic surfactants. Also,
cationic surfactants are generally highly resistant to bio-
degradation due to the lack of a primary degradation site in
the molecule [17]. Furthermore, sustainable chemical
recycling may become an important issue for the next
generation surfactant, especially in the industrial field.
Consequently, biodegradability and recyclability are now
needed for the next generation of gemini-type cationic
surfactants in terms of green and sustainable chemistry.

We previously reported that single-type cationics con-
taining both a carbonate linkage and an n-dodecyl group
showed strong antimicrobial activities, enzymatic degra-
dability and biodegradability by activated sludge in addition
to good surfactant properties [18]. Biodegradable pyridini-
um-type amphiphiles already have been synthesized [19]. It
also has been reported that nonionic and cationic surfactants
containing carbonate linkages show hydrolytic stability and
biodegradability [20]. In this report, novel gemini-type
cationic surfactants having both biodegradability and
chemical recyclability were designed and synthesized as a
green and sustainable surfactant. To the best of our
knowledge, this is the first example of biodegradable and
chemically recyclable gemini-type cationics with antimi-
crobial and surfactant properties. Figure 1 shows the design
of novel gemini-type cationics containing a carbonate
linkage as biodegradable and chemically recyclable seg-
ments. Their physicochemical properties, such as surfactant
properties, antimicrobial activities, biodegradabilities and
chemical recyclabilities, were evaluated.

Experimental Procedures
Materials and General Methods

Diphenyl carbonate, N,N-dimethyl-n-alkylamine, methyl
iodide and 2-iodoethanol were purchased from Tokyo

+

CnH2n+1_NM92

T P . (CH2m
CnHzn+1—~NMe> o

Kasei Kogyo Co., Ltd. (Tokyo, Japan) and used as
received. 3-lodopropanol was purchased from Sigma
Aldrich Co., Inc. (St Louis, MO) and used as received.
K,CO; was purchased from Kanto Chemical Co., Inc.
(Tokyo, Japan) and dried under vacuum before use. 1,3-
Diiodopropane and 1,5-diiodopentane were purchased from
Wako Chemical Co., Ltd. (Osaka, Japan) and used as
received. Immobilized lipase (E.C. 3.1.1.3) from Candida
rugosa (CR) with 1,020 units g~" acrylic beads was pur-
chased from Aldrich Chemical Co. (Milwaukee, WI). The
enzyme was dried under vacuum (3 mmHg) over P,Os at
25 °C for 2 h before use. The purity and chemical structure
of the synthesized compounds were analyzed by thin-layer
chromatography (TLC), elemental analysis and "H nuclear
magnetic resonance (NMR) spectroscopy. The TLC was
carried out using Merck silica gel 60 F,s4 plates (Merck
Ltd., Darmstadt, Germany). '"H NMR spectra were recor-
ded with a Lambda 300 Fourier Transform Spectrometer
(JEOL Ltd, Tokyo, Japan) operating at 300 MHz.

The static surface tension was measured using an auto-
matic digital Kyowa Precise Surface Tensiometer by the
CBVP method (Kyowa Kagaku Co., Ltd., Tokyo, Japan) at
25 °C. The measurement was carried out using the Wil-
helmy vertical plate technique and a sandblasted glass
plate. The test solutions were aged at 25 °C for at least 1 h
before any measurements.

The occupation area of a molecule at a surface (Apnin)
was calculated according to the Gibbs adsorption equation.
The surface excess concentration (I') in mol m~ 2 and the
corresponding A, in nm? at the liquid/air interface were
calculated using Eqs. 1 and 2:
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Fig. 1 Design of biodegradable and chemically recyclable gemini-type c
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where n is a constant and depends upon the individual ions
comprising the surfactant (n = 2 for single-type cationics
and n = 3 for gemini-type cationics) [21, 22], dy/dlogC is
the slope of the surface tension versus concentration curves
below the CMC at a constant temperature, y is the surface
tension in mN mfl, T is the absolute temperature, and
R=283101 mol ! Kil) and N, is Avogadro’s number.

Foaming properties were measured by the semi-micro
TK method at 25 °C according to Yano and Kimura [23].
Initial foam volume in milliliters expressed the foam pro-
duction and foam volume after 5 min expressed foam
stability.

The biodegradabilities of the cationic surfactants were
evaluated by the biochemical oxygen demand (BOD). The
BOD was determined with a BOD Tester (VELP Scien-
tifica s.r.l., Usmate, Milan, Italy) using the oxygen con-
sumption method according to the Modified MITI Test
[24]. Activated sludge was obtained from a municipal
sewage plant in Yokohama City, Japan. The BOD-bio-
degradation (BOD/ThOD) was calculated from the BOD
values and the theoretical oxygen demand (ThOD).

The antimicrobial activities of the surfactants were
evaluated by the agar dilution method [25]. Gram-positive
bacterial strains, Staphylococcus aureus KB210, Bacillus
subtilis KB211 and Micrococcus luteus KB212, gram-
negative bacterial strains, Escherichia coli KB213, Sal-
monella typhimurium KB20 and Pseudomonas aeruginosa
KBI115, six fungal strains, Candida albicans KF1, Sac-
charomyces cerevisiae KF25, Trichophyton mentagro-
phytes KF213, Microsporium gypseum KF64, Penicillium
chrysogenum KF270 and Aspergillus niger KF103, were
used. Nutrient agar and Sabouraud dextrose agar were used
for the bacteria and fungi, respectively. The antimicrobial
activity was expressed as the minimum inhibitory con-
centration (MIC).

Preparation of Di(iodoalkyl) Carbonate
for a Linker Moiety

Di(iodoalkyl) carbonate 2 was prepared by the carbonate
exchange reaction of diphenyl carbonate 1 and iodoalkanol
in the presence of K,COjz as shown in Scheme 1. A
mixture of diphenyl carbonate 1 (321.3 mg, 1.5 mmol),
2-iodoethanol (980.2 mg, 5.7 mmol) and K,CO; (642.6 mg,
200 wt% relative to diphenyl carbonate) in dry acetone
(5.0 ml) was stirred at room temperature for 48 h. After the
reaction, K,CO3 was removed by filtration through a celite
pad, and the solvent was evaporated under reduced pres-
sure. The residue was then purified by silica gel column
chromatography [n-hexane/chloroform (2:3, by volume),
R = 0.58] to obtain di(2-iodoethyl) carbonate 2a in 79%
yield as a pale yellow syrup. The molecular structure was
analyzed by "H NMR spectroscopy. In a similar procedure,

di(3-iodopropyl) carbonate 2b was obtained using tetra-
hydrofuran (5.0 ml) instead of acetone in 71% yield as a
pale yellow syrup.

Di(2-iodoethyl) carbonate 2a: '"H NMR (300 MHz,
CDCly): 6 = 3.33 (4H,t,J = 7.1 Hz, -CH,-1), 4.41 (4H, t,
J =7.1 Hz, O-CH,-).

Di(3-iodopropyl) carbonate 2b: 'H NMR (300 MHz,
CDCly): 6 =2.19 (4H, tt, J = 6.6, 7.2 Hz, —-CH,—~CH»—
CH,-), 3.25 (4H, t, J = 6.9 Hz, -CH,-1), 4.23 (4H, t,
J = 6.0 Hz, O-CH,-).

Preparation of Gemini-type Cationics Containing
a Carbonate Linkage in the Linker Moiety

Gemini-type cationics containing a carbonate linkage were
prepared by the reaction of N,N-dimethyl-n-alkylamine and
di(iodoalkyl) carbonate 2 according to Scheme 1. The
G2C-n was prepared by the reaction of N,N-dimethyl-n-
alkylamine (0.33 mmol) and di(2-iodoethyl) carbonate 2a
(0.15 mmol) in dry ethyl acetate (1.5 ml) in a screw-cap-
ped vial at 80 °C for 72 h with stirring. After the reaction,
the solvent was removed by evaporation under reduced
pressure to obtain the crude product. Purification was car-
ried out by reprecipitation using chloroform (good solvent,
0.3 ml) and ethyl acetate (poor solvent, 1.5 ml) to obtain
the gemini-type G2C-n in a yield of 80-87% as a white
crystal. The molecular structure was analyzed by "H NMR
spectroscopy and elemental analysis. In a similar proce-
dure, the G3C-n was prepared in a yield of 82-89% as a
white crystal.

G2C-10: Yield 80%. 'H NMR (300 MHz, CDCls):
0 =0.88 (6H, t, J = 6.6 Hz, 2CH;3-), 1.18-1.48 (28H, m,
2-(CH,)7-), 1.69-1.84 (4H, m, 2-CH,—CH,-N"), 3.45
(12H, s, 2-N*(CH3),), 3.66-3.80 (4H, m, 2-N"-CH,-),
4.32-4.44 (4H, m, 2-N*—CH,-), 4.88-4.99 (4H, m, 2-O-
CHz—). Anal. Calc. for C29H62N203121 C 4703, H 844, N

o)
ﬁ IH{CH,)-OH O
PhO—C—OPh ——————————> I{CH,)-0—C—0—{CHp}-I = 2a
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Scheme 1 Synthesis of di(iodoalkyl) carbonate as a linker moiety
and novel gemini-type GmC-n
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3.78. Found: C 46.78, H 842, N 3.80. m.p. 183.7-
185.4 °C.

G2C-12: Yield 87%. 'H NMR (300 MHz, CDCls):
5 =088 (6H, t, J = 6.6 Hz, 2CHs-), 1.17-1.48 (36H, m,
2-(CHy)o-), 1.68-1.85 (4H, m, 2-CH,—CH,-N"), 3.44
(12H, s, 2-N*(CHs),), 3.66-3.80 (4H, m, 2-N*—CH,-),
4.32-4.45 (4H, m, 2-N"-CH,-), 4.87-5.00 (4H, m, 2-O—
CHz—). Anal. Calc. for C33H70N20312: C 4975, H 886, N
3.52. Found: C 49.51, H 8.67, N 3.48. m.p. 195.8-
196.8 °C.

G2C-14: Yield 82%. 'H NMR (300 MHz, CDCls):
5 =088 (6H, t, J = 6.8 Hz, 2CHs-), 1.14—1.46 (44H, m,
2-(CH,), =), 1.68-1.84 (4H, m, 2-CH,—CH,-N"), 3.44
(12H, s, 2-N*(CHs),), 3.65-3.80 (4H, m, 2-N*—CH,-),
431-4.44 (4H, m, 2-N"_CH,—), 4.86-5.00 (4H, m, 2-O—
CHz—). Anal. Calc. for C37H78N20312: C 5211, H 922, N
3.28. Found: C 5191, H 923, N 3.17. m.p. 195.0-
196.5 °C.

G3C-10: Yield 82%. 'H NMR (300 MHz, CDCls):
5 =088 (6H, t, J = 6.8 Hz, 2CHs-), 1.18-1.48 (28H, m,
2-(CHy)7-), 1.69-1.84 (4H, m, 2-CH,—CH,-N"), 2.22—
238 (4H, m, 2-N*—CH,—CH,—CH,-), 3.37 (I2H, s,
2-N*(CHs),), 3.50-3.63 (4H, m, 2-N*—CH,-), 3.96-4.10
(4H, m, 2-N*—CH,-), 4.39 (4H, t, ] = 5.4 Hz, 2-O—-CH,-).
Anal. Calc. for C3;HggN,Oslo: C 48.44, H 8.65, N 3.64.
Found: C 48.24, H 8.63, N 3.66. m.p. 174.5-175.3 °C.

G3C-12: Yield 89%. 'H NMR (300 MHz, CDCls):
0 =0.89 (6H, t, J = 6.5 Hz, 2CH;5-), 1.18-1.45 (36H, m,
2-(CHy)e-), 1.70-1.83 (4H, m, 2-CH,—CH,-N"), 2.23—
236 (4H, m, 2-N*—-CH,—CH,—CH,-), 3.37 (I2H, s,
2-N*(CHs),), 3.50-3.63 (4H, m, 2-N*—CH,-), 3.97-4.10
(4H, m, 2-N*—CH,-), 4.40 (4H, t, ] = 6.2 Hz, 2-O—-CH,-).
Anal. Calc. for C35H74N20312: C 5097, H 904, N 3.40.
Found: C 50.82, H 8.96, N 3.35. m.p. 183.8-186.8 °C.

G3C-14: Yield 88%. 'H NMR (300 MHz, CDCls):
0 =0.88 (6H, t, J = 6.8 Hz, 2CH3-), 1.20-1.44 (44H, m,
2-(CHy),1-), 1.70-1.84 (4H, m, 2-CH,~CH,-N"), 2.24—
238 (4H, m, 2-N*—CH,—CH,—CH,-), 3.37 (I2H, s,
2-N*(CHs),), 3.50-3.62 (4H, m, 2-N*—CH,-), 3.98-4.10
(4H, m, 2-N*—CH,-), 4.40 (4H, t, J = 5.4 Hz, 2-O-CH,-).
Anal. Calc. for C39H82N20312: C 5318, H 938, N 3.18.
Found: C 53.10, H 9.43, N 3.06. m.p. 193.1-195.7 °C.

Preparation of Gemini-type Cationics Without
a Carbonate Linkage

The gemini-type G5-n was prepared by the reaction of
N,N-dimethyl-n-alkylamine (0.66 mmol) and 1,5-diiodo-
pentane (0.30 mmol) in dry chloroform (1.5 ml) in a
screw-capped vial at 60 °C for 24 h. After the reaction, the
solvent was removed by evaporation under reduced pres-
sure to obtain the crude product. Purification was carried
out by reprecipitation using chloroform (good solvent,
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1.0 ml) and ethyl acetate (poor solvent, 2.5 ml) to obtain
the gemini-type G5-n in a yield of 87-94% as a white
crystal. The molecular structure was analyzed by '"H NMR
spectroscopy and elemental analysis. In a similar proce-
dure, propane-1,3-bis(N,N-dimethyl-n-dodecylammonium)
diiodide (G3-12) was prepared in 91% yield as a white
crystal.

G5-10: Yield 87%. 'H NMR (300 MHz, CDCls):
0 = 0.88 (6H, t, J = 6.6 Hz, 2CH5-), 1.17-1.49 (28H, m,
2-(CH»)7-), 1.65-1.83 (6H, m, N*—-CH,~CH,~CH,-CH,-
CH,-N* and 2-CH,-CH,-N"), 2.03-2.20 (4H, m, 2-N*—
CH,-CH,), 3.34 (12H, s, 2-N*(CH3),), 3.43-3.56 (4H, m,
2-N*—CH,-), 3.78-3.92 (4H, m, 2-N*—CH,-). Anal. Calc.
for CyoHesNoIp: C 50.14, H 9.29, N 4.03. Found: C 50.06,
H 9.30, N 4.05. m.p. 217.0-218.3 °C.

G5-12: Yield 91%. 'H NMR (300 MHz, CDCls):
0 = 0.88 (6H, t, J = 6.6 Hz, 2CH5-), 1.17-1.48 (36H, m,
2-(CH»)9-), 1.63-1.84 (6H, m, N*—-CH,~CH,~CH,-CH,-
CH,-N* and 2-CH,~CH,-N"), 2.04-2.20 (4H, m, 2-N*—
CH,-CH,), 3.34 (12H, s, 2-N*(CH3),), 3.43-3.57 (4H, m,
2-N*—CH,-), 3.78-3.93 (4H, m, 2-N*—CH,-). Anal. Calc.
for C33H7,NoIp: C 52.79, H 9.67, N 3.73. Found: C 52.85,
H 9.75, N 3.67. m.p. 233.8-235.1 °C.

G5-14: Yield 94%. 'H NMR (300 MHz, CDCls):
0 =0.88 (6H, t, J = 6.6 Hz, 2CH;3-), 1.17-1.48 (44H, m,
2-(CH»),;-), 1.65-1.83 (6H, m, N*—-CH,~CH,~CH,-CH,-
CH,-N" and 2-CH,~CH,-N"), 2.01-2.20 (4H, m, 2-N*—
CH,—CH,), 3.34 (12H, s, 2-N"(CHs),), 3.44-3.56 (4H, m,
2-N*—CH,-), 3.78-3.92 (4H, m, 2-N*—CH,-). Anal. Calc.
for C37HgoNoIp: C 55.08, H 9.99, N 3.47. Found: C 54.94,
H 10.05, N 3.35. m.p. 222.4-224.0 °C.

G3-12: Yield 91%. 'H NMR (300 MHz, CDCls):
0 =0.89 (6H, t, J = 6.9 Hz, 2CH3-), 1.18-1.46 (36H, m,
2-(CHy)9-), 1.83 (4H, tt, J = 7.8, 10.8 Hz, 2-CH,—CH,—
N1), 2.62-2.80 (2H, m, N*—CH,—-CH,—CH,-N%), 3.42
(12H, s, 2-N"—(CHs),), 3.46-3.57 (4H, m, 2-N"-CH,-),
3.85-3.97 (4H, m, 2-N*-CH,-). Anal. Calc. for
C31HesNoIp: C 51.52, H 9.48, N 3.88. Found: C 51.46, H
9.43, N 3.95. m.p. 182.3-183.8 °C.

Preparation of Single-type Cationics Without
a Carbonate Linkage

n-Dodecyl = N,N,N-trimethylammonium iodide (S-12)
was prepared by the quaternarization of N,N-dimethyl-n-
dodecylamine (213.4 mg, 1.0 mmol) with methyl iodide
(170.3 mg, 1.2 mmol) in dry chloroform (0.8 ml) at room
temperature for 1 h with stirring. After the reaction, the
solvent and unreacted methyl iodide were removed by
evaporation under reduced pressure to obtain the crude
product. Purification was carried out by reprecipitation
using chloroform (good solvent, 0.5 ml) and ethyl acetate
(poor solvent, 2.0 ml) to obtain the single-type S-12 in
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94% vyield as a white crystal. The molecular structure was
analyzed by 'H NMR spectroscopy and elemental
analysis.

S-12: Yield 94%. 'H NMR (300 MHz, CDCls):
0=0.88 3H, t, J = 6.9 Hz, CH3-), 1.18-1.48 (18H, m,
—~(CH»)9-), 1.68-1.84 (2H, m, -CH,—~CH,-N"), 3.48 (9H,
s, NT(CH3)3), 3.55-3.66 (2H, m, NT—CH,-). Anal. Calc.
for C;sH34NI: C 50.70, H 9.64, N 3.94. Found: C 50.76, H
9.60, N 3.91. m.p. 236.8-237.8 °C.

Hydrolytic Stability

A hydrolytic stability test was carried out by dissolving the
gemini-type surfactants, G2C-12 and G3C-12,at 5 g 1" in
phosphate buffer at pH 7.0 at 25 and 40 °C for 10 days
with stirring. Hydrolytic degradation of the gemini-type
cationics was analyzed by 'H NMR, and hydrolytic sta-
bility was expressed as remaining % carbonate. Also, the
hydrolytic stability of gemini-type cationics at 40 mg 1~
in the inorganic medium for a BOD test without activated
sludge was measured at 25 °C.

Enzymatic Degradation and Reproduction for Chemical
Recycling

The enzymatic degradation of gemini-type cationics con-
taining a carbonate linkage was carried out using the
immobilized lipase. The enzymatic degradation of G2C-12
(50 mg) was carried out using immobilized lipase CR
(25 mg) in acetonitrile (1.0 ml) and distilled water (50 pl)
at 70 °C for 3 days with stirring as shown in Scheme 2.
After the reaction, the immobilized lipase CR was removed
by filtration, and the solvent was evaporated under reduced
pressure. Purification was carried out by reprecipitation
using chloroform (good solvent, 0.3 ml) and ethyl acetate
(poor solvent, 1.5 ml) to obtain the corresponding quater-
nary ammonium alcohol, N-2-hydroxyethyl-N,N-dimethyl-
n-dodecylammonium iodide (2-HED), in 84% yield. The
molecular structure of the degradation product was ana-
lyzed by 'H NMR spectroscopy.

The reproduction of G2C-12 was carried out using the
degradation product and diphenyl carbonate in the presence
of lipase. That is, a mixture of 2-HED (11.6 mg), diphenyl
carbonate (3.2 mg) and immobilized lipase CR (3.2 mg) in
dry acetonitrile (0.16 ml) was stirred at 60 °C for 1 day.
After the reaction, the immobilized lipase CR was removed
by filtration, and the solvent was evaporated under reduced
pressure to obtain the crude product. Purification was car-
ried out by reprecipitation using chloroform (good solvent,
0.2 ml) and ethyl acetate (poor solvent, 1.0 ml) to obtain
the G2C-12 in 51% yield. The molecular structure was
confirmed by 'H NMR spectroscopy.

Chemo-enzymatic
hydrolysis

H,0 co,

s ) 70°C,3d
Cq 2H25—NM62 >—< Yield : 84%
(CH2)2 T + """" ;
o _ )
(:::O - Ci2Hos~NMey |
o

(CH2)2

]
(CH2)2 e
C1 2H25—NM92 2-HED
60°C,1d (I)I
G2C-12 2 PhOH PhO-C-OPh
Yield : 51% Reproduction

Scheme 2 Chemo-enzymatic degradation and reproduction as the
chemical recycling of the gemini-type G2C-12 using immobilized
lipase CR

Results and Discussion

Synthesis of Gemini-type Cationics Containing
a Carbonate Linkage

As the linker moiety of the gemini-type cationics, di(2-
iodoethyl) carbonate 2a and di(3-iodoethyl) carbonate 2b
were prepared by the carbonate exchange reaction of
diphenyl carbonate 1 and 2-iodoethanol or 3-iodopropanol
in the presence of K,COj; as shown in Scheme 1. Di(2-
iodoethyl) carbonate 2a was prepared in dry acetone. On
the other hand, di(3-iodopropyl) carbonate 2b was prepared
in dry tetrahydrofuran due to the low solubility of 2b in
acetone.

The simultaneous quaternarization and gemini forma-
tion of N,N-dimethyl-n-alkylamine readily occurred in the
reaction with the o, w-diiodo-type linker, as shown in
Scheme 1. The longer reaction time tended to show a
higher yield of the gemini-type G2C-12. The G2C-n and
G3C-n were prepared in a yield of around 80-89%. No
significant differences in the yields were observed due to
the linker size and alkyl chain length.

Surfactant Properties in Aqueous Solution

Gemini-type cationics containing carbonate linkages
exhibited surface activities, such as surface tension low-
ering and micelle formation. Figure 2 shows the plots of
surface tension versus concentration of novel gemini-type
cationics containing the carbonate linkage. From the sur-
face tension versus concentration plots for the gemini-type
cationics in distilled water, their CMC as determined from
the inflection of the surface tension versus concentration
curve, the surface tension at the CMC values (ycmce), the
efficiency of adsorption at the surface (pC,g) [pCao, the
negative log of C,, the surfactant molar concentration

&) Springer ANOCS &
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required to reduce surface tension by 20 mN m~ '] [26, 27]
and the A, of gemini-type and single-type cationics are
listed in Table 1. It was found that gemini-type cationics
containing both a carbonate linkage and an n-dodecyl
group, G2C-12 and G3C-12, showed lower CMC values
compared to the corresponding single-type S-12. It is
reported that low CMC values of gemini-type surfactants
were mainly caused by the simultaneous migration of the
two alkyl chains, rather than one, from the aqueous phase
to the micelle [3, 4, 28]. The tested gemini-type cationics
containing an n-dodecyl group showed similar CMC val-
ues. It was also found that the CMC values of gemini-type
cationics containing the carbonate linkage depended on the
hydrocarbon chain length. The longer hydrocarbon chain
length tended to show a lower CMC value. The ycpmc of
G2C-n showed lower values compared to that of G3C-n
with the same hydrophobic alkyl chains. This is due to the
difference in the linker length between the quaternary
ammonium groups. That is, the G2C-n having an ethoxy-
carbonyloxyethyl-type linker (m = 2 in Fig. 1) showed a
lower ycmce value compared to the corresponding G3C-n
having a propoxycarbonyloxypropyl-type linker (m = 3).
The lower ycumc of G2C-n was due to the higher intra- and
intermolecular hydrophobic interactions between the two
hydrophobic alkyl chains of the gemini-type surfactant.
This is also supported by the results in which the A, of
the G2C-n was smaller than that of the corresponding
G3C-n. It is reported that a longer polymethylene linker
length tended to show a larger A,;,. The A, of gemini-
type cationics having decamethylene or dodecamethylene
linker showed a maximum value [3, 4, 21]. Also, the pCy
values of G2C-12 and G3C-12 were higher than those of
the single-type S-12. That is, the G2C-12 and G3C-12
adsorb more efficiently at the surface than the corre-
sponding single-type S-12.

The foaming properties of aqueous solutions of the
gemini-type cationics containing an n-dodecyl group were
measured and compared at concentrations of 0.5 mM (above

the CMC), using the semi-micro TK method at 25 °C [23].
These results are summarized in Fig. 3. A high foam pro-
duction and stability were observed for non-carbonate
gemini-type G3-12. The linker moiety was responsible for
the foaming properties. Among the tested gemini-type cat-
ionics, the shorter linker tended to show a higher foam pro-
duction. It is reported that some gemini-type cationic
surfactants having a shorter linker showed more stable foams
than those with a longer linker [27, 29]. The stable foam was
due to the smaller A, at a surface of the gemini-type cat-
ionics leading to stable film forming as shown in Table 1.

Hydrolytic Stability

A hydrolytic degradation test was carried out by dissolving
the gemini-type G2C-12 and G3C-12 in distilled water and
phosphate buffer (pH 7.0) at 25 and 40 °C. It was found
that both the gemini-type G2C-12 and G3C-12 were stable
in distilled water. Only a slight degradation occurred after
10-day incubation at 25 °C; the remaining carbonate was
91% for G2C-12 and 99% for G3C-12. It is reported that
nonionic surfactants containing carbonate linkages were
very stable under acidic conditions and moderately stable
under alkaline conditions at 20 °C [20]. Also, it is reported
that cationic surfactants containing carbonate linkages
were stable in deionized water. In order to compare the
hydrolytic degradability of G2C-12 and G3C-12, phos-
phate buffer (pH 7.0) was used instead of distilled water as
an acceleration test. Figure 4 shows the time course of the
hydrolytic degradation of gemini-type cationics as mea-
sured by 'H NMR. It was observed that the phosphate of
the buffer was responsible for the hydrolysis of the car-
bonate linkage and was thus used. In phosphate buffer,
G2C-12 was hydrolyzed quickly at 40 °C and gradually at
25 °C. G3C-12 was also degraded with similar tendencies,
but more slowly compared to G2C-12. G3C-12 was
practically stable in phosphate buffer at 25 °C. The
hydrolysis of cationic surfactant has been reported to have

Fig. 2 Surface tension versus (a) (b)
concentration of gemini-type 65 65
cationics containing a carbonate
linkage in aqueous solution at 60 60 r
25 °C. a G2C-10 (open circle); € €
G2C-12 (dark filled circle); = 55 F S 55 F
G2C-14 (open square). b G3C- £ E
10 (open circle); G3C-12 (dark 55T 5§ 5T
filled circle); G3C-14 (open g a5 L (J g a5
square) o °© $
é 40 | (=] 'f:% 40 F . -
@ g @
35 F 35 F
% 10° 10° 10* 10° 102 % 10° 10° 10* 10° 10°

Concentration (mol/L)

&\ Springer ANOCS &

Concentration (mol/L)



J Surfact Deterg (2009) 12:249-259

255

Table 1 Surfactant properties of gemini-type cationics and single-
type S-12 in aqueous solution at 25 °C

Cationics CMC (mM) yomc MN m™")  pChy  10%An, (nm?)
G2C-10  0.747 37.1 3.5 89.3
G2C-12  0.290 36.7 4.1 97.3
G2C-14  0.0466 39.2 49 1275
G3C-10  0.710 42.0 35 99.3
G3C-12  0.172 43.1 42 1177
G3C-14  0.0431 42.7 48  136.5
G5-10 0.772 37.9 35 65.3
G5-12 0.246 342 43 108.1
G5-14 0.0333 37.3 52 1386
G3-12 0.165 30.7 43 66.7
S-12 5.37 34.6 2.8 53.9
250
200 |
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Fig. 3 Foam production and stability of gemini-type -cationics
containing an n-dodecyl group by semi-micro TK method in aqueous
solution (sample concentration: 0.5 mM, temperature: 25 °C). Black:
0 min, stripe: 5 min

an ester linkage in the vicinity of the polar hydrophilic
groups that was influenced by the adjacent electron-with-
drawing or electron-donating groups [30]. The gemini-type
G3C-12 was hydrolytically more stable at the tested tem-
peratures compared to the G2C-12. The higher hydrolyz-
ability of G2C-12 was due to the lower electron density of
the carbonyl carbon. Figure 5 shows '"H NMR spectra of
the gemini-type G2C-12 and G3C-12. Significant differ-
ences in the chemical shift of the methylene protons
adjacent the carbonate linkage were observed between
G2C-12 and G3C-12. That is, the former showed 4.87—
5.00 ppm and the latter showed 4.40 ppm. These results
implied that the electron density of the carbonyl carbon of
G2C-12 was lower than the electron density of the car-
bonyl carbon of G3C-12. The distance in G2C-12 between
the carbonate linkage and the quaternary ammonium group
is shorter than that in G3C-12. Therefore, the carbonyl
carbon of G2C-12 was particularly influenced by the
positive charges of the quaternary ammonium groups.

100

80

60

40

Remaining carbonate (%)

20

Reaction time (d)

Fig. 4 Time course of hydrolytic degradation of the gemini-type
G2C-12 and G3C-12 in phosphate buffer. G2C-12, 25 °C (dark filled
circle); G3C-12, 25 °C (dark filled square); G2C-12, 40 °C (open
circle); G3C-12, 40 °C (open square). Sample concentration 5 g 17",
pH 7.0

Biodegradabilities

The quick and complete biodegradation of surfactants after
use is needed with respect to the establishment of a green
and sustainable chemistry, because water-soluble house-
hold detergents are generally difficult to recover or reuse. It
has been reported that gemini-type cationics containing
ester linkages in the hydrophobic moiety exhibited biode-
gradability by activated sludge [30-32]; however, ester
linkages are generally labile to hydrolysis, particularly
under alkaline conditions. More hydrolytically stable and
biodegradable cationics are now needed.

The biodegradation of the gemini-type cationics con-
taining a carbonate linkage may first be enzymatically
hydrolyzed by environmental microbes at the carbonate
with the evolution of carbon dioxide forming low-molec-
ular weight quaternary ammonium alcohols as shown in
Scheme 2. Microbial assimilation of the primary degrada-
tion products then follows [20]. If the degradation products,
N-2-hydroxyethyl-N,N-dimethyl-n-alkylammonium iodide
and N-3-hydroxypropyl-N,N-dimethyl-n-alkylammonium
iodide, show higher biodegradabilities, the parent surfac-
tants would be regarded as biodegradable.

Figure 6 shows the BOD-biodegradation (BOD/
ThOD x 100) of gemini-type cationics and the GmC-12-
derived degradation products (quaternary ammonium
alcohols: 2-HED and 3-HPD). The gemini-type G2C-12
was readily biodegraded by activated sludge, and its BOD-
biodegradability exceeded 60% after a 28-day incubation,
which is a criterion for acceptable biodegradation. On the
other hand, the conventional gemini-type G5-n, which had
no hydrolytically cleavable moiety, showed practically no
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Fig. 5 '"H NMR spectra of the
gemini-type G2C-12 (upper)
and G3C-12 (down) in CDCl;
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biodegradation by activated sludge. It was confirmed that
biodegradability was endowed by the introduction of the
carbonate linkage into the linker moiety between the two
single-type cationics.

The biodegradability of gemini-type cationics containing
carbonate linkages was influenced by the linker structure.
Though G2C-n and G3C-n had similar linker structures,
the former with an even number of methylene chains

&\ Springer ANOCS &

(m = 2 in Fig. 1) showed a higher biodegradability com-
pared to the latter with an odd number of methylene chains
(m = 3). These results may be due to both the cleavability
at the carbonate linkage of the linker moiety and the
produced degradation intermediate having hydroxyethyl
and hydroxypropyl groups. Significant differences in the
hydrolytic degradation in the BOD media (inorganic
medium) without activated sludge were observed between
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the carbonate linkages of G2C-12 and G3C-12. The car-
bonate linkage of the former gradually hydrolyzed in an
inorganic medium, and only 17% remained after an 8-day
incubation. On the other hand, 82% of the carbonate linkage
of the latter remained after 8-day incubation. In order to
further evaluate the BOD-biodegradability of the primary
degradation products of G2C-12 and G3C-12, N-2-
hydroxyethyl-N,N-dimethyl-n-dodecylammonium  iodide
(2-HED) and N-3-hydroxypropyl-N,N-dimethyl-n-dodecy-
lammonium iodide (3-HPD) were chemically prepared.
2-HED was prepared by the quaternarization of N,N-
dimethyl-n-dodecylamine (1.0 mmol) with 2-iodoethanol
(1.2 mmol) in dry chloroform (0.8 ml) at room temperature
for 1 day with stirring. Purification was carried out by
reprecipitation from chloroform (0.5 ml, good solvent) and
ethyl acetate (2.0 ml, poor solvent) to obtain 2-HED in 84%
yield as a white crystal. The molecular structure was con-
firmed by "H NMR spectroscopy. In a similar procedure,
3-HPD was prepared in 79% yield as a white crystal. It was
found that both of the primary degradation products, the
G2C-12-derived 2-HED and the G3C-12-derived 3-HPD,
exceeded a 60% BOD-biodegradability for 28 days as
shown in Fig. 6. Based on these results, the carbonate
linkage of G2C-12 could be enzymatically and non-enzy-
matically cleaved; therefore, its BOD-biodegradability was
higher than G3C-12.

These results demonstrated that the introduction of a
carbonate linkage into the gemini-type cationic surfactant
molecules promoted the biodegradation only when they
were introduced so as to be hydrolyzed. Also, the linker
structure is crucial for the design of biodegradable gemini-
type cationics.

Enzymatic Degradation and Reproduction for Chemical
Recycling

In order to save carbon and energy resources, even water-
soluble surfactants should be chemically recycled par-
ticularly in the industrial fields. Gemini-type cationics
containing carbonate linkages were hydrolyzed by lipase,
accompanied by carbon dioxide evolution to produce the
corresponding quaternary ammonium alcohol, which could
be converted into the initial gemini-type cationics by the
reaction with diphenyl carbonate as illustrated in Scheme 2.

The enzymatic degradation of gemini-type cationics was
carried out in acetonitorile containing a small amount of
distilled water using immobilized lipase CR. The G2C-12
was degraded at the carbonate linkage into the corre-
sponding quaternary ammonium alcohol, 2-HED, at 70 °C
for 3 days. Also, the G2C-12 was reproduced by the
reaction of 2-HED and diphenyl carbonate using immo-
bilized lipase CR at 60 °C for 1 day in 51% yield. On the
other hand, the G3C-12 was not quickly degraded by lipase
under similar conditions. This is due to the low enzymatic
reactivity of carbonate linkages in the linker moiety of
G3C-12.

Antimicrobial Activities

The gemini-type cationics were screened for their antimi-
crobial activities toward gram-positive and gram-negative
bacterial and fungal strains based on the determination of
their MICs [25]. These results are shown in Table 2. The
MIC value shows the lowest concentration of a surfactant
at which the tested microorganisms do not show visible

Fig. 6 Biochemical oxygen 80
demand-biodegradability of

gemini-type cationics and

GmC-12-derived degradation

products at 25 °C for 28 days

(asterisk indicates 48 days). 60 P
Activated sludge 30 ppm,
sample concentration ca.

40 mg 17", 2-HED N-2-
Hydroxyethyl-N,N-dimethyl-
n-dodecylammonium iodide,
3-HPD N-3-hydroxypropyl-N,
N-dimethyl-n-dodecylammonium
iodide

40 r

BOD-biodegradability (%)

20 r

G2C-10" G2C-12 G2C-14 G3C-10 G3C-12G3C-14 G5-10 G5-12 G5-14 2-HED 3-HPD
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Table 2 Antimicrobial activities of gemini-type cationics containing
an n-dodecyl group and single-type S-12

Strain MIC (ug ml™")

G2C-12 G3C-12 G512 G312 S-12
S. aureus 25 5 5 25 25
B. subtilis 10 5 5 10 5
M. luteus 50 5 25 25 50
E. coli 25 10 50 100 25
S. typhimurium 100 100 100 100 100
P. aeruginosa 400 200 200 100 50
C. albicans 400 400 200 >400 100
S. cerevisiae 400 >400 200 >400 100
T. mentagrophytes 50 200 200 100 10
M. gypseum 25 400 25 50 10
P. chrysogenum 400 >400 50 400 100
A. niger 400 >400 200 >400 200

growth. The gemini-type G3C-12 containing a carbonate
linkage showed higher antimicrobial activities, especially
gram-positive strains, compared to the conventional single-
type S-12. It is reported that cationic surfactants having
multi-polar groups showed higher antimicrobial activities
compared to the corresponding single-type cationics
because of much higher charge density carried by multi-
polar cationics [33]. On the other hand, the gemini-type
G2C-12 showed slightly lower activities compared to
G3C-12. These results may be due to the cleavability of the
carbonate linkage at the linker moiety of G2C-12 by
microbes forming single-type cationics. That is, the G2C-12
might be partially hydrolyzed to produce the corresponding
single-type cationics, which were similar to the molecular
structure of the single-type S-12. Thus, the antimicrobial
activity of G2C-12 was slightly lower than that of G3C-12,
but slightly higher than that of the single-type S-12 when
compared on molar basis. Similar antimicrobial activities
of G3C-12 were shown for bacterial strains compared to
those of the corresponding G5-12 without a carbonate
linkage. Details are now under study.
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