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Abstract The synthesis of quaternized glucosamide-
based trisiloxane surfactant (QGS) of the general formula
Me;SiOSiMeR'0SiMe; (R! = (CH,);N"(CH;),(CH,),R>,
R? = glucosamide group) was described, and the surface
activity properties of the surfactant were studied. The N-[2-
(dimethylamino)ethyl]-p-gluconamide was synthesized by
amidation of the ethylenediamine with p-gluconolactone.
The 3-(3-chloropropyl)-1,1,1,3,5,5,5-heptamethyltrisilox-
ane was prepared by the acid-catalyzed reaction of a silane
monomer. The QGS was prepared by quaternization of the
precursor halogenated hydrocarbon with a tertiary amine.
They were structurally characterized by IR, 'H NMR and
MS. And it reduced the surface tension of water to
approximately 21 mN m™' at concentration levels of
107 mol L™".
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Introduction

In recent years silicone surfactants have attracted consid-
erable interest because of their many technical applica-
tions. The trisiloxane surfactants are a kind of silicone
surfactant. The exceptional surface properties of the tris-
iloxanes, some having “super-wetting” ability, are attrib-
uted to their unique molecular architecture. They have
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aroused the great interests of many scientific researchers
[1-9].

In contrast, alkyl glucosamide surfactants have been
known for many years. In recent years, their use has been
gradually increasing because of their valuable properties,
such as good dermatological compatibility, excellent bio-
degradability, and the absence of toxic effects.

The QGS are synthesized and they possess fine prop-
erties [10-18]. However, the trisiloxane with the quater-
nary glucosamide as the hydrophilic head-group has been
rarely reported in the literature.

In this paper, we report the preparation of a QGS and the
study of the surface activity of this compound by mea-
suring the equilibrium surface tension of the dilute aqueous
solutions.

Experimental Procedures
Preparation of QGS

e Preparation of N-[2-(dimethylamino)ethyl]-p-glucona-
mide. First, 8.8 g (0.1 mol) of N,N-dimethylethylene-
diamine, 17.8 g (0.1 mol) of p-gluconolactone and
200 mL. methanol were introduced into a 500-mL
round-bottomed flask equipped with a refluxing con-
denser and a stirrer. The mixture was heated to reflux
temperature in methanol. After 7 h, the solvent was
removed under reduced pressure and the crude solid
product obtained was recrystallized from ethanol to
give the compound in a yield of 90.8 %. The structure
of the compound was confirmed by IR and 'H NMR.

e Preparation of 3-(3-chloropropyl)-1,1,1,3,5,5,5-heptam-
ethyltrisiloxane. First, 81.1 g (0.5 mol) of hexame-
thyldisiloxane, 18.3 g (0.1 mol) of 3-chloropropylmethyl-
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dimethoxysilane and 14.7 g (0.15 mol) of concentrated
sulfuric acid were placed in a 500-mL three-neck flask
equipped with a refluxing condenser and a magnetic
stirrer. The mixture was heated with stirring for 2 h at
60 °C. After the reaction had finished, the mixture was
cooled to room temperature and neutralized with sodium
carbonate to neutral. The solid material was filtered off.
The excess hexamethyldisiloxane was removed under
reduced pressure. The liquid product was purified by
fractional distillation (b.p. 130 °C/76 mmHg, purity
>99 %). The structure of the compound was confirmed
by IR and '"H NMR.

e Preparation of the QGS. First, 53 g (0.02 mol)
of N-[2-(dimethylamino)ethyl]-p-gluconamide, 17.9 g
(0.06 mol) of 3-(3-chloropropyl)-1,1,1,3,5,5,5-heptam-
ethyltrisiloxane, 0.1 g (0.0006 mol) of potassium
iodide and 150 mL benzyl alcohol were introduced
into a 500-mL reactor vessel. The mixture was heated
with stirring for 48 h at 90 °C. The excess 3-(3-
chloropropyl)-1,1,1,3,5,5,5-heptamethyltrisiloxane was
distilled off in vacuum and the brown viscous product
obtained was extracted with ethyl acetate and water
(ethyl acetate/water = 30/1 volume). The water layer
was separated by silica gel column chromatography
(ethyl acetate/methanol/water = 5/1/1 volume) to give
the compound as a yellowish paste. The structure of the
compound was confirmed by IR, '"H NMR and MS.

Characterization of the QGS and Surface Activity
Measurements

The proton nuclear magnetic resonance (‘"H NMR) spectra
were acquired on a 300 MHz Bruker DRX-300 NMR
spectrometer. Samples were prepared in 5-mm-OD tubes
with deuterated solvents D,O or CDCl;. Chemical shifts
were referenced to tetramethylsilane. The infrared (IR)
spectra were recorded on a Nicolet FT-IR Spectrometer
iS10 (KBr). The mass spectra were scanned on a AB
SCIEX API3200 instrument.

Aqueous solution equilibrium surface tension values
were obtained by the Wilhelmy plate method using a
Dataphysics tensiometer, model DCAT21. The CMC
value was taken at the intersection of the linear portions
of the plots of the surface tension against the logarithm of
the surfactant concentration. Surfactant solutions were
prepared with distilled, de-ionized water. Sample tem-
peratures were stable at 25 4+ 0.2 °C. Prior to measure-
ments on the surfactant solutions, the surface tension of
the distilled, de-ionized water was measured. These water
values were in the range of 72.3 & 0.3 mN m™"'. Samples
were aged for 15 min prior to their surface tension
measurement.
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Scheme 1 The general formula and the preparation process of the
QGS

Results and Discussion

Preparation and Spectroscopic Characterization
of the QGS

The general formula and the preparation process of the
QGS are shown in Scheme 1. The N-[2-(dimethyl-
amino)ethyl]-p-gluconamide was prepared by amidation of
the ethylenediamine with p-gluconic acid 6-lactone. The b-
gluconic acid d-lactone was ring-opened by nucleophilic
attack of the primary amine. The amidation of the primary
amine proceeded at the presence of methanol at reflux
temperature. The reaction conditions were moderate. The
3-(3-chloropropyl)-1,1,1,3,5,5,5-heptamethyltrisiloxane
was prepared by the acid-catalyzed reaction of a silane
monomer. The excess hexamethyldisiloxane was added,
which allowed the reaction to produce more trisiloxane and
distilled off after reaction. The quaternized glucosamide-
based trisiloxane was prepared by using the precursor
halogenated hydrocarbon and tertiary amine as the starting
material.

These compounds were structurally characterized by
their IR, '"H-NMR and MS spectra. The details of these
spectral characterizations were as follows. In all cases, the
spectra acquired were consistent with the assigned struc-
tures of the compounds.
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(IZH3 CH,4 ?H3 Table 1 Aqueous surface activity of the GS
. L4
HSC_SII_O~S|1_O—Sl1~CH3 Compound GS QGS
CH; CH, CH,
éH CAC mol L™ 536 x 1074 5.65 x 1073
| H2 Jeac MN m™~! 21.05 21.48
CH, OH OH [\pae mol cm—2 432 x 10710 404 x 1071°
NH(CH,),NH OH a, A’/molecule 38.44 41.08
O OH OH AGZ,. KJ mol™" —28.63 —22.79
Scheme 2 The structure of the GS AGgy, KJ mol ™! —40.60 —35.28
PCao 4.55 4.00
CAC/Cy 19.07 56.50
N-[2-(dimethylamino)ethyl ]-p-gluconamide
IR (KBr, v, cm™"): 3,250-3,450 (-OH in sugar),
2,830-2,950 (C-H), 1,650-1,660 (C=0), 1,540-1,550 (N- o
H), 1,030-1,090 (C-O); '"H NMR (D,0, 300 MHz, & ppm): 7
2.10 (s, 6H, N=(CHs),), 2.34-2.47 (t, 2H, N-CH,-), .~
3.20-3.30 (t, 2H, N—-C-CH,-), 3.42-3.72 (m, 4H, —(CH),— £ 607
in sugar), 3.93, 4.15 (d, 2H, —CH,— in sugar). 3 5
= 50
S
3-(3-Chloropropyl)-1,1,1,3,5,5,5-heptamethyltrisiloxane g 0
S 40
(0]
IR (KBr, v, cm™): 2,880-2,960 (C-H), 1,050-1,100 (Si— 8
0-Si), 1,260, 840, 760 (Si(CHs);); 'H NMR (CDCl;, & 7
300 MHz, & ppm): 0.04 (s, 3H, Si-CH3), 0.10 (s, 18H,
Si(CH3)32), 0.55-0.61 (t, 2H, Si-CH,-), 1.74-1.85 (m, 207
2H, Si-C-CH,-), 3.49-3.54 (t, 2H, Si-C-C-CH,-). P

OGS

IR(KBr, v, cm™'): 3,250-3,450 (-OH in sugar),
2,890-2,960 (C-H), 1,650-1,660 (C=0), 1,540-1,550 (N-
H), 1,259, 842, 755 (Si—-CH3), 1,030-1,140 (C-0O, Si-0);
'"H NMR (CDCls, 300 MHz, & ppm): 0.06 (s, 3H, Si—CHj),
0.10 (s, 18H, Si(CHz)3-2), 0.42-0.58 (t, 2H, Si—-CH,-),
1.65-1.75 (m, 2H, Si-C-CH,-), 3.26 (s, 6H, N—(CHs),),
3.32-3.45 (t, 2H, N-C-CH,-), 3.52-3.97 (m, 8H, Si-C-C-
CH,-N-CH,—, -(CH)4— in sugar, overlap), 4.20, 4.40 (d,
2H, —CH,- in sugar), 4.85-6.00 (d, 5H, —OH in sugar),
8.25-8.45 (s, H, -NH-); MS: m/z = 529 (M + 111 of
cation radical).

Equilibrium Surface Tension Measurements

The equilibrium surface tension of dilute aqueous solutions
of the QGS was measured. For comparison, the glucosa-
mide-based trisiloxane (no quaternization, the structure is
shown in Scheme 2, abbreviated as GS in what follows)
was also listed [13, 14]. The minimum surface tension
(ycac) values were acquired by analyzing the plateau
region of the plots. The critical aggregation concentrations
(CAC) of the surfactants were acquired by analyzing the
intersection point of the plateau region and the steeply

Concentration (mol ~L'1)

Fig. 1 Plots of equilibrium surface tensions of aqueous solutions of GS
and QGS versus log molar concentration. squares, GS; circles, QGS

downward sloping portion of the plots. The surface excess
concentration (I',.x) and the surface area per molecule
(a;,) were acquired by analyzing the application of the
Gibbs equation to the steeply downward sloping section of
the plots. A summary of the data iss compiled in Table 1
and in Fig. 1.

Inspection of the data in the Table 1 shows that the GS
and QGS significantly reduce the surface tension of the
solution at low concentration, indicating that these mole-
cules adsorb strongly at the air/water surface and they are
highly effective aqueous surfactants, reducing the surface
tension of water to approximate 21 mN m™".

Examination of Fig. 1 shows that the two plots have
significant changes in slope as a minimum surface tension
is reached. For most surfactants, this behavior implies that
aggregation is occurring in the bulk solution.

Micelle formation by siloxane surfactants in aqueous
solution has not been extensively investigated. Most of
the studies to date report critical micelle concentrations
(CMCQC) values from surface tension versus log surfactant
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concentration plots. Although the structure of the micelles
formed was investigated in the last few years, no conclu-
sion was drawn on the tendency of these surfactants to
form well-defined micelles [1-9].

Assuming that the changes in slopes of the surface
tension versus log concentration curves in Fig. 1 represent
the onset of surfactant aggregation, possibly into micelles,
the CAC values for the surfactants are reported in Table 1.

Our interpretation of the plots is that aggregation is
occurring in solution, not necessarily micellization, and
that the CAC values can be determined by extrapolation.
This type of extrapolation is universally applied to this type
of plot to estimate critical aggregation concentration, and
we use it uncritically here. Some caution is needed in that
the presence of a break point in the surface tension versus
log concentration plot is only circumstantial evidence of
aggregate formation.

The CAC values are determined from extrapolation to
the break points in the surface tension versus log surfactant
concentration curves (Fig. 1). The CAC values vary with
the structure of the hydrophilic group. The CAC value
increase after the glucosamide-based trisiloxane is
quaternized.

The saturation adsorption values, I',.«, at the air/water
interface and the minimum area per surfactant molecule,
a;,, at the air/water interface were obtained from the slope
of the surface tension versus log concentration plots
(Fig. 1) by using the approximate form of the Gibbs
adsorption isotherm equations (Egs. 1, 2).

1 oy
I = — 1
ma 2.303nRT (a log C)T m
1016

ad = —— 2
m NArmax ( )

. CMC
AGmiC = RT ]n(ﬁ) (3)
AG%, = RT 1 Cn 6.0227na’ 4
ads — n 55.5 - O Tay, ( )

where R = 8.3144 J mol~! K™}, N4 = Avogadro’s num-
ber, T ppax is in mol cm ™2, and as is in 10? nm? molecule ™.
In our solution, we can setn = 1. (=Y _ 7) is the surface
pressure in the region of surface saturation and Cj is the
molar concentration of surfactant in the aqueous phase at a
surface pressure 7 (in mN m ).

The polar region of the silicone surfactant molecule
determines the required surface area and the siloxane group
is responsible for the distance between the molecules in the
adsorption layer, so the measured or estimated required
surface area per molecule depends on both the size of the
siloxanyl group and the nature of the polar part of the
surfactant molecule.
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It is to be expected, and confirmed by the aj, values in
Table 1, that the surface area per molecule (a;,) (Eq. 3) of
the QGS at the interface increase after the glucosamide-
based trisiloxane is quaternized.

The free energy of aggregation AG;’gg (Eq. 3) and
adsorption ( AGY,,) (Eq. 4) of the GS and QGS are nega-

tive value, indicating that the processes are thermody-
namically favored.

The CAC/C, ratio is a measure of the tendency to form
aggregates relative to the tendency to adsorb at the air/
water interface. A higher CAC/C, ratio indicates that the
hydrophobic groups are less suitably oriented for accom-
modating themselves in the interior of the aggregates. The
larger CAC/C,q values for the QGS compared to the GS
indicate that the quaternized product has a greater prefer-
ence to be adsorbed at the water/air interface relative to its
preference to form aggregates than do the non-quaternized
product.
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