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Abstract Polysiloxane containing tertiary amino group
(P(SiO)m(SiOTA)n) with different molecular weight was synthe-
s i z e d t h r ough equ i l i b r i um po l yme r i z a t i o n o f
octamethylcyclotetrasiloxane (D4) and hydrolysis of N,N-
diethyl-aminopropyl-methyldimethoxysilane (TAMDESi) in
the presence of potassium hydroxide (KOH) as catalyst. After
that, polysiloxane quaternary ammonium salt containing epoxy
group (P(SiO)m(SiOQAEp)n) with different molecular weight
and cationic concentration was obtained from P(SiO)m(SiOTA)n
and epichlorohydrin by quaternization. It was shown that
P(SiO)m(SiOQAEp)n surfactant exhibited low surface tension
(γCMC<30.00 mN/m) at the critical micellization concentration.
The thermodynamic parameters of micellization (ΔG0

m,ΔH0
m,

ΔS0m) indicated that the micellization of P(SiO)m(SiOQAEp)n
surfactant was enthalpy-driven. In particular, it was found that
the glass transition temperature (Tg) of P(SiO)m(SiOQAEp)n
varied in the range of −15 ∼ –70 °C according to the molecular
weights, and the thermal decomposition temperature was higher
than 220 °C. This type of surfactant had excellent low temper-
ature flexibility as well as good chemical and thermal stability.
The antimicrobial activity was evaluated against Gram-negative
(Escherichia coli) and Gram-positive bacteria (Staphylococcus
aureus), respectively. The minimum bactericidal concentration
(MBC) values against S. aureus and E. coli were below 1.5–
2.8×10−5 mol/L, which indicated that P(SiO)m(SiOQAEp)n had
strong antibacterial activity.
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Introduction

Silicone surfactants play a crucial role such as wetting, dis-
persing, emulsifying, solubilizing, foaming, anti-foaming, and
decontaminating in many practical applications [1–4]. Their
marvelous features and functions have attracted great interest
of many scientists. Typically, trisiloxane surfactants perform
outstanding surface activity, which can decrease the surface
tension of water to 20 mN/m and have low degree of counter-
ion binding [5–8].

Currently, a new type of cationic surfactant, polysiloxane
quaternary ammonium salt, has greatly broadened the per-
spective in colloid and surface science because of its good
surface activity, antibacterial activity, spreadability, and excel-
lent thermal stability [9–12]. A novel polysiloxane quaternary
ammonium salt containing polycation and anions (I−)
(PSQAS) was synthesized. That kind of PSQAS could main-
tain stability below 250 °C by thermogravimetric analysis,
which had been used in dye-sensitized solar cells and a rela-
tively good result was obtained [13].

Huang et al. synthesized polysiloxane ionomers bearing
pendant quaternary ammonium groups through the
Menshutkin reaction of poly(-chloropropylmethylsiloxane-
co-dimethylsiloxane) with N,N-dimethylbenzylamine. It
showed that the quaternary ammonium chloride units im-
proved the compatibility of polysiloxane with organic poly-
mers which was useful for fabric-conditioning agents,
bacteriocides, textile finishing, and plastic processing to bring
out fabric antimicrobial and antielectrostatic properties [14].
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Sauvetg et al . synthesized polysi loxanes with
3-(alkyldimethylammonio)propyl pendant groups and found
that they are active in aqueous solution. The polysiloxanes
bearing quaternary ammonium salts (QAS) showed excellent
bactericidal activity against bacteria such as Escherichia coli
and Aeromonas hydrophila when incorporated in a
polysiloxane network, and the activity was retained after
66 days of immersion in water [15].

It is considered that polymers containing quaternary am-
monium groups in side chain or in main chain are a kind of
effective antimicrobial materials to kill bacteria that are resis-
tant to other types of cationic antibacterials [16–18]. In partic-
ular, polymeric antimicrobial agents have the advantages of
nonvolatile, chemically stable, and not to permeate through
the skin [19, 20].

Lu et al. [21] synthesized four polymeric quaternary am-
monium materials with different lengths of alkyl chain and
evaluated their bactericidal activities byminimum bactericidal
concentration (MBC) values and inhibitory zone diameters
against Gram-positive bacteria (Staphylococcus aureus) and
Gram-negative bacteria (E. coli), respectively. The tested
polymers showed more antimicrobial activity against Gram-
negative bacteria, whereas they exhibited less activity against
Gram-positive bacteria.

It is noteworthy that the silicone surfactant has a high chem-
ical reactivity owing to the existence of epoxy group [22]. It can
be used as an important intermediate for organic synthesis to
introduce quaternary ammonium group into the natural macro-
molecules [23] (e.g., gelatin, cellulose, starch, silk, chitosan,
etc.), which improves the properties of self-emulsifying and
antibiosis [24], so as to greatly improve the physical and chem-
ical properties of the natural macromolecules.

In the present work, a new type of functional polysiloxane
quaternary ammonium salts containing epoxy group
P(SiO)m(SiOQAEp)n with different molecular weight and cat-
ionic concentration has been successfully synthesized. The
aggregation behaviors of P(SiO)m(SiOQAEp)n in aqueous so-
lution were investigated by surface tension and electrical con-
ductivity. The antibacterial activities of P(SiO)m(SiOQAEp)n
against Gram-negative and Gram-positive bacteria were in-
vestigated byMBC value method and inhibitory zonemethod.
The thermal stability of P(SiO)m(SiOQAEp)n had also been
measured by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) methods.

Experimental procedures

Materials

γ-Chloropropylmethyldimethoxysilane (CPMDMS) Analyti-
cal reagent (A.R.) (A.R.≥98.0%)was obtained from Shanghai
Chemical Reagent Co., Ltd. Octamethylcyclotetrasiloxane

(D4) was purchased from Aldrich Chemical Co.
Hexamethyldisiloxane (HMDS), ethanol (A.R.≥99.7 %),
diethylamine (A.R.≥99.0 %), ether (A.R.≥99.5 %), epichlo-
rohydrin (A.R.≥99.0%), potassium hydroxide (KOH) (A.R.≥
85.0 %), tetrahydrofuran (THF) (A.R.≥99.0 %), acetic acid
(A.R.≥99.5 %), yeast extract powder Biochemical reagent
(B.R.), peptone form fish (B.R.), and agar powder (B.R.) were
all supplied by Sinopharm Chemical Reagent Co., Ltd. All
organic reagents were of analytical grade and were purified
by distillation. The solutions of the quaternary ammonium-
based surfactants were prepared using triple distilled water.

Methods

Synthesis of P(SiO)m(SiOTA)n

P(SiO)m(SiOTA)n was synthesized through ring-opening poly-
merization of octamethylcyclotetrasiloxane (D4) and the hydro-
lyzate of N,N-diethyl-aminopropyl-methyldimethoxysilane in
the presence of HMDS as terminal blocking agent and KOH
as catalyst. The polycondensations were run in anhydrous con-
ditions at nitrogen atmosphere.

A 100-mL four-neck round-bottom flask was equipped with
a thermometer, a magnetic stirrer, a reflux condenser, and a
nitrogen inlet/outlet. Then, the desired amount of D4

(0.050 mol, 14.80 g), the hydrolyzate of N,N-diethyl-
aminopropyl-methyldimethoxysilane (0.052 mol, 9.24 g),
HMDS (0.027 mol, 4.37 g), and potassium hydroxide were
placed in the reactor. After raising the temperature to 90 °C,
the reaction mixture was stirred under nitrogen atmosphere for
8 h. Then, the stoichiometric amount of acetic acid was added to
neutralize the catalyst in the reaction mixture, and the solid
particles were separated by filtration to obtain a viscous trans-
parent liquid mixture. The liquid portion was then treated by
vacuum distillation in order to remove low weight oligomers
and any unreacted starting materials. The product was obtained
as a light yellow liquid. The primary amine content of the poly-
mer was determined by non-aqueous titration as reported earlier.

The synthesis route was depicted in Scheme 1.

Synthesis of P(SiO)m(SiOQAEp)n

The solution of P(SiO)m(SiOTA)n (0.025 mol, 7.02 g) in anhy-
drous ethanol (10 mL) was placed in a dry, 100-mL, four-
necked, round-bottomed flask equipped with a nitrogen stream,
a thermometer, a reflux condenser, and an addition funnel. The
fresh solution of epichlorohydrin (0.030 mol, 2.78 g) in anhy-
drous ethanol (6 mL) was added dropwise to the reaction flask.
After that, the reaction mixture was heated to 45 °C for 8 h with
magnetic stirring.When the reactionwas completed, themixture
was cooled to room temperature. The ethanol was removed by
vacuum distillation. Finally, the final product was washed five
times with ether and dried in a vacuum oven at 40 °C for 24 h.
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The synthesis route was depicted in Scheme 2.
By changing the amount of HMDS, we synthesized four

P(SiO)m(SiOTA)n with different molecular weight. Then, four
P(SiO)m(SiOQAEp)n with different molecular weight have
been successfully quaternized with epichlorohydrin.

1HNMR (400Hz, D2O): δppm=0.08–0.14 (s, 3H, SiCH3),
0.502 (t, 2H, SiCH2), 1.7 (m, 2H, Si–CH2–CH2–), 3.24 (d,
2H, N+CH2CH2CH2Si), 3.28 (q, 4H, N+(CH2CH3)2), 1.25 (t,
6H, N+(CH2CH3)2), 3.209 (m, 1H, epoxy ring), and 2.892 (d,
2H, epoxy ring).

IR (KBr smear): 1,022.27–1,091.71 cm−1 (Si–O–Si sym-
metry stretching vibration), 800.64 cm−1 (Si–C symmetry
stretching vibration), 1,645.28 cm−1 (C–N absorption), 1,
259.52 cm−1 (Si–CH3 symmetry stretching vibration), 1,
375.66 cm−1, 1,483.26 cm−1 (–CH3 bending vibration and
shearing vibration), 1,087.85 cm−1, 896.90 cm−1 (epoxy func-
tional group stretching vibration and shearing vibration),
856.1 cm−1 (–C–O–C asymmetry stretching vibration, epoxy
ring) 2,962.87 cm−1, and 2,887.44 cm−1 (–CH2– asymmetry
stretching vibration and symmetry stretching vibration).

Structural characterization

1H NMR spectra were recorded on a Bruker Advance 400
spectrometer in deuterium water-d (D2O). Fourier transform

infrared spectroscopy (FT-IR) was recorded on a Nicolet
NEXUS 470 FT-IR spectrometer. Measurement was per-
formed by dispersing samples in anhydrous KBr pellets.

Molecular weight determination

The weight average molecular weight (Mw), number average
molecular weight (Mn), and Mw/Mn of the polysiloxane con-
taining tertiary amino group (P(SiO)m(SiOTA)n) were deter-
mined by gel permeation chromatography (GPC). It was per-
formed on Waters 515 HPLC pump.

DSC

DSC analysis was carried out with a DSCQ10 differential
scanning calorimeter (TA Instruments) under nitrogen atmo-
sphere (50 mL/min).

TGA

TGAwas conducted with Q600 Simultaneous under nitrogen
atmosphere at a rate of 10 °C/min.

Scheme 1 Synthesis of
P(SiO)m(SiOTA)n

Scheme 2 Synthesis of
P(SiO)m(SiOQAEp)n
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Surface activity determination

Surface tension was measured by the Du Noüy ring
method on Processor Tensiometer-K100 (Krüss Compa-
ny, Germany). All of the prepared surfactant solutions
were standing at least 24 h before determination and
every sample balanced at testing temperature (25, 30,
35, and 40 °C) no less than 30 min. All measurements
were repeated until the values were stable [25]. Surfac-
tant solutions were prepared with distilled water, and its
surface tension was measured for comparison, which
was determined in the range of 72.0±0.3 mN/m.

Specific conductivity measurements on the aqueous
solutions were performed using a low-frequency con-
ductivity analyzer (model DDS-11A, Shanghai Precision
& Scientific Instrument Co., Ltd., accuracy ±1 %). The
conductivity cell was calibrated with KCl solutions, and
the cell constants were determined at different tempera-
tures using KCl solutions. Electrical conductivity measure-
ments were performed for different concentrations of quater-
nary ammonium salt solutions in the temperature range of 25–
40 °C. The solutions were continuously stirred and
thermostated at ±1 °C.

Measurement of antimicrobial activity

In order to study the relationship between antibacterial
activities of polysiloxane quaternary ammonium salts
with epoxy group and its molecular weight, we have
used four different molecular weight samples to prepare
a series of water-soluble quaternary ammonium salts.
Their bactericidal activities were evaluated by the
MBC values and inhibitory zone diameters against
Gram-positive bacteria (Bacillus subtilis and S. aureus)
and Gram-negative bacteria (E. coli), respectively.

1. MBC test: The MBC value was determined as the
lowest concentration which produced no colonies on
the solid agar media after 24 h. Each sample was
tested in triplicate.

2. Inhibitory zone method: Fifteen milliliters of the
sterilized melted agar medium was left to solidify
on agar plate at room temperature, and then,
10 μL of the suspension of cells was distributed
over the surface of the agar plate. Wells were made
in agar plates with different organisms, and each
one was filled with 8 μL of the tested antibacterial
samples. All plates were incubated at a proper tem-
perature for 2 days, and then, the inhibition zone diame-
ters were measured. Growth inhibitory tests for three
types of bacteria, B. subtilis, S. aureus, and E. coli, were
made on polysiloxane quaternary ammonium salts with
epoxy group.

Results and discussion

Determination of molecular weight and m and n
of P(SiO)m(SiOQAEp)n

P(SiO)m(SiOQAEp)n is a cationic surfactant containing amine
functional group which can greatly adsorb on the GPC col-
umn, and the solubility of the P(SiO)m(SiOQAEp)n in THF
exerts great influence on the measurement of molecular
weight [26]. To overcome those drawbacks, the average Mw

of P(SiO)m(SiOQAEp)n was calculated by measuring the av-
erage molecular weight (Mw0) of P(SiO)m(SiOTA)n and the
numbers of quaternary ammonium groups. The average mo-
lecular weight (Mw0) of polysiloxane with tertiary amino
group (P(SiO)m(SiOTA)n) was measured by GPC firstly, and
then, the n value of P(SiO)m(SiOTA)n was determined by non-
aqueous titration. Finally, the numbers of epoxy moieties
based on the quaternary ammonium conversion rate were
added, and the average Mw of P(SiO)m(SiOQAEp)n was
obtained.

Furthermore, non-aqueous titration method was performed
with glacial acetic acid as the solvent and with perchloric acid,
glacial acetic acid, and acetic anhydride as the titrant (0.1 N
perchloric acid standard solution, GB4612-84). The crystal
violet indicator was used to indicate the end point [27].

The P(SiO)m(SiOTA)n (1 g) was dissolved in glacial acetic
acid (20 mL), and two drops of crystal violet indicator were
added and then titrated with 0.1 N perchloric acid standard
solution. The crystal violet indicator was used to indicate the
end point from purple to blue green. The amino value of
P(SiO)m(SiOTA)n (A0) is given as the equivalent of perchloric
acid standard solution used in the titration per gram of
P(SiO)m(SiOTA)n.

The averageMw of P(SiO)m(SiOQAEp)n can be calculated
from the following equations:

162þ 74mþ 173n ¼ Mw0 ð1Þ
n=Mw0¼A0

ð2Þ

Mw ¼ Mw0 þ 92:5� Conv: %ð Þ � n ð3Þ

where 162, 74, 173, and 92.5 are the unit weights of cap-
ping group, dimethylsiloxane, tertiary aminosiloxane, and epi-
chlorohydrin, respectively. Also, A0,Mw0,Mw, and Conv. (%)
are the amino values of P(SiO)m(SiOTA)n, the average molec-
ular weight of P(SiO)m(SiOTA)n, the average molecular
weight of P(SiO)m(SiOQAEp)n, and quaternary ammonium
conversion rate, respectively [28]. The weight average molec-
ular weight (Mw0), number average molecular weight (Mn0),
and the polydispersity index (PDI) of the P(SiO)m(SiOTA)n
were measured by GPC, which were listed in Table 1. TheMn

of the P(SiO)m(SiOTA)n are in the range of 2,000–10,000 g/
mol and PDI are less than 1.4. As is known, the

1974 Colloid Polym Sci (2015) 293:1971–1981



polymerization was not well-controlled, and the molecular
weight distribution or the molecular weight polydispersity in-
dex (PDI) (<1.4) of the synthesized polymer was suitable for
the theoretical analysis [29]. This phenomenon has been ob-
served at most cases of polymerization [30, 31]. On the whole,
the measurement data are consistent with the design of exper-
iment. The results of m and n values and the average Mw of
P(SiO)m(SiOQAEp)n were listed in Table 2. According to the
structure of the P(SiO)m(SiOQAEp)n molecule, m means the
length of hydrophobic (organosilicon group) chains, and n
means the length of hydrophilic (quaternary ammonium
group) chains.

Thermal properties of P(SiO)m(SiOQAEp)n

DSC is used widely for the examination of polymeric mate-
rials to determine their thermal transitions, such as glass tran-
sitions of an amorphous polymer [32]. The DSC curves of
P(SiO)m(SiOQAEp)n samples are presented in Fig. 1. The
glass transitions appear as an inflection point in the baseline
of the DSC signal due to the sample undergoing a change in
heat capacity, yet no formal phase change occurs. The glass
transition temperature (Tg) of P(SiO)m(SiOQAEp)n is shown
in Fig. 1. The result indicates that P(SiO)m(SiOQAEp)n sur-
factant has excellent low temperature flexibility as well as
chemical stability. Tg value of the P(SiO)m(SiOQAEp)n de-
creases with the expansion of polymer chain, from P1
(−16.35 °C) to P2 (−33.85 °C) to P3 (−46.75 °C) to P4
(−66.42 °C). It is reported that the intermolecular forces and
high molecular compliant state result in a low glass transition
temperature and low surface energy [9, 33]. Hence, the value
Tg of P(SiO)m(SiOQAEp)n is affected by polymer chain flex-
ibility and the length of siloxane chain. Siloxane chain has free

rotation of –Si–O–Si– bond (bond angle 130.5°), which
makes siloxane linkage low cohesive energy and very flexible,
even at low temperature [33]. The longer the siloxane chain of
P(SiO)m(SiOQAEp)n is, the lower is Tg [34]. That effect also
has been observed in polyurethane [11] and new
polysiloxanes [35].

TGA is an especially useful technique for the thermal sta-
bility study of polymeric materials. The changes in physical
and chemical properties of materials are measured as a func-
tion of increasing temperature (with constant heating rate) and
can provide information about chemical phenomena of de-
composition. It can be seen from Fig. 2 that the
P(SiO)m(SiOQAEp)n weight keeps on decreasing from the
beginning, that is to say the P(SiO)m(SiOQAEp)n are hygro-
scopic, which is attributed to the hydrophilic quaternary am-
monium ion group [13]. Obviously, the thermogram of
P(SiO)m(SiOQAEp)n has divided into two decrease stages:
the first stage of degradation is attributed to the dehydration
and the decomposition of the QAS groups, and the second
stage is related to the silicone polymer chain degradation
[36, 37]. The first stage decomposition temperature of

Table 1 Molecular weights of P(SiO)m(SiOTA)n measured by GPC
analysis

Sample
P(SiO)m(SiOTA)n

Molecular Weights PDI Amine value
Mn (g mol−1) Mw (g mol−1) Mw/Mn (mmol g−1)

1 2,194 2,493 1.13 3.152

2 2,716 3,580 1.31 3.562

3 5,010 5,825 1.16 3.449

4 9,175 10,602 1.15 2.654

Table 2 The average molecular weights (Mw) of P(SiO)m(SiOQAEp)n

Sample P(SiO)m(SiOQAEp)n n m/n Mw (g mol−1)

P1 7.86 1.67 3,147

P2 12.75 1.28 4,665

P3 20.09 1.48 7,516

P4 28.14 2.67 12,996

Fig. 1 DSC traces of P(SiO)m(SiOQAEp)n

Fig. 2 TGA and DTG curves of P(SiO)m(SiOQAEp)n
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P(SiO)m(SiOQAEp)n is 230 °C or so, which outdistances the
decomposition temperature of phenolic resin containing
quaternary ammonium halide groups (160 °C) [28]. The
siloxane moiety has partial ionic nature and high bond
dissociation energy of Si–O bond [9, 38], so the pres-
ence of siloxane skeleton in the organosilicon quaterna-
ry P(SiO)m(SiOQAEp)n delays the degradation process,
and the thermal stability is strengthened by the siloxane chain
lengths [39]. It is shown in Table 3 that the residual content of
P(SiO)m(SiOQAEp)n depends on the molecular weight.
The reason is that the residual ash of up to 700 °C
comes from Si–O bond. Higher molecular weight means
more SiO2 residue.

Adsorption and surface behavior of P(SiO)m(SiOQAEp)n

P(SiO)m(SiOQAEp)n is a kind of polymeric organosilicon
surfactant and has all the properties that surfactants possessed.
In colloidal and surface chemistry, the critical micelle
concentration (CMC) is an important characteristic of a
surfactant. It is defined as the concentration of surfac-
tants above which micelles form. Before reaching the
CMC, the surface tension changes strongly with the
concentration of the surfactant, and after the CMC, the
surface tension remains relatively constant or changes
with a lower slope, so the CMC can be determined at
the intersection point of the plots of the surface tension
against the logarithm of the surfactant concentration [8].

Generally, various surface active parameters such as ad-
sorption efficiency, pC20, surface excess concentration Γ,
and area per adsorbed molecule Amin are used to evaluate the
surface activities of the surfactants. They can be calculated
from the Gibbs equation [6, 40]. The pC20 is defined as Eq. 4:

pC20 ¼ −logC20 ð4Þ

The value of pC20 represents the efficiency of the negative
logarithm of the surfactant concentration, which characterizes
the reduction of the surface tension or interfacial tension of
water by 20 mN/m [41]. The larger is the pC20 value, the
higher is the adsorption efficiency of the surfactant.

The maximum surface excess concentration of surfactant at
the air/liquid interface, Γmax, which depends on the molecular
structures of surfactants, also called adsorption capacity, can

be estimated by applying the Gibbs adsorption isotherm to the
surface tension data:

Γmax ¼ −
1

nRT

∂γ
∂1nC

� �
T

ð5Þ

where R is a gas constant (8.314 J mol−1 K−1), T is the
absolute temperature, and the Gibbs pre-factor Bn^ takes the
value 2 for an ionic surfactant where the surfactant ion and the
counterion are univalent in the absence of added electrolyte in
aqueous solution [42].

The surface area per molecule can be calculated from Eq. 6:

Amin ¼ 1024

NAΓmax
ð6Þ

where NA is Avogadro’s number.
The parameters calculated from Eq. (4) to (6) are listed in

Table 4.
As shown in Fig. 3 and Table 4, the P(SiO)m(SiOQAEp)n

(P2) with the molecular weight of 4,665 g/mol have lower
CMC (1.03×10−4 mol/L) and can effectively reduce the sur-
face tension of water low to 26.92 mN/m at CMC because the
polysiloxane has super hydrophobility and low surface ener-
gy. Furthermore, the CMC values of P2 increase with the rise
of the temperature because it enhances the motion of mole-
cules or ions of the surfactant, which results in the breakage or
recombination of micelles through weakening water–water
hydrogen bonds within the micelle interface easily [22]. The
γCMC of P2 solution decreases from 26.92 to 23.31 mN/m
when the temperature increased from 298.15 to 318.15 K.
As the temperature is rising, the liquid molecular thermal mo-
tion accelerates, the kinetic energy enlarges, and the intermo-
lecular attraction weakens so that the efficiency of reducing
the surface tension of water is gradually enhanced [43]. Amin

increased also with an increase of temperature, and corre-
spondingly, Γmax have the opposite trend. These phenomena
can be ascribed to enhance molecular motion at increasing
temperature; thus, fewer surfactant molecules may be
adsorbed at the air–water interface. Thus, the adsorption

Table 3 The thermal properties of P(SiO)m(SiOQAEp)n

Sample Tg (°C) Td1 (°C) Td2 (°C) Residue (%)

P1 −16.35 228 429 3

P2 −33.85 233 420 18

P3 −46.73 241 439 23

P4 −66.42 234 429 34

Table 4 Surface properties of P2 in aqueous solutions

Surfactant P2
298.15 K 303.15 K 308.15 K 313.15 K

CMCa (mol L−1) 1.03×10−4 1.24×10−4 1.35×10−4 1.49×10−4

CMCa (mol L−1) 1.05×10−4 1.22×10−4 1.36×10−4 1.47×10−4

Γmax (μmol m−2) 1.28 1.05 0.99 0.92

γCMC (mN m−1) 26.92 25.72 24.79 23.31

Amin (nm
2) 1.296 1.588 1.686 1.804

pC20 6.10 6.25 6.38 6.42

a CMC values, respectively, from surface tension and conductivity
measurements
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capacity becomes weaker with the rise of temperature, and the
arrangement of surfactants molecules at the surface becomes
looser [41].

Surfactants containing long hydrophobic chain tail have
b e t t e r s u r f a c e a c t i v i t y t h a n t h e s h o r t o n e s .
P(SiO)m(SiOQAEp)n is a kind of polymer quaternary ammo-
nium salt, which leads to the surface active parameters and
also varies with the molecular weight at the same temperature.
Take 25 °C as an example, as shown in Fig. 4 and Table 5, the
CMC values of P(SiO)m(SiOQAEp)n decrease with the in-
crease of the molecular weight. The γCMC of the
P(SiO)m(SiOQAEp)n solutions decreased from 29.32 to
23.42 mN/m with the increase of molecular weight from 3,
147 to 12,996 g/mol, respectively. It is suggested that the low
surface tension of P(SiO)m(SiOQAEp)n has been attributed to
both the preponderant methyl substituents and siloxane chain.
The flexible Si–O–Si backbone lies on the water surface, ex-
posing the methyl groups to the air like an Bumbrella^ [44],
which allows the methyl groups to orient in low energy con-
figurations and show its high surface activity. A greater value

of m means the more hydrophobic Bumbrella^ units, which
exhibits the better surface active properties to form micelles at
a low concentration in solution. Αmin of P(SiO)m(SiOQAEp)n
increases with the rise of the molecular weight and Γmax have
the opposite trend, which means the connection of spacer in
the high molecular weight surfactant is arranged looser at the
water–air interface than that of corresponding lower molecule
w e i g h t s u r f a c t a n t [ 4 5 ] . I n t h e mo l e c u l e o f
P(SiO)m(SiOQAEp)n, the so-called umbrella conformation
with the siloxanyl group orienting parallel to the water surface
causes a greater distance between the surfactant molecules and
looser arrangement of the molecules at the air/water interface
[46]. Greater values of m and n mean more groups loosely
orienting to the water surface to occupy surface area, leading
to Αmin increase and Γmax decrease.

Thermodynamics of micellization

Similarly, the conductivity measurements were often used to
determine the CMC. Figure 5 is the plot of electric conductiv-
ity versus concentration of P2 solution at various temperatures.
Clearly, the electric conductivity value has two different in-
crease rates with the rise of concentration. The intersection
point of the two straight lines of different slope corresponds
to the CMC [41]. Thus, the CMCs of P1, P3, and P4 were
obtained and listed in Table 7.

Fig. 4 Surface tension versus logC of P(SiO)m(SiOQAEp)n at 25 °C

Table 5 Surface properties of P(SiO)m(SiOQAEp)n at 25 °C

Sample CMC
(mol L−1)

Γmax

(μmol m−2)
ΓCMC

(mN m−1)
Amin

(nm2)
pC20

P1 2.96×10−4 1.31 29.32 1.272 5.60

P2 1.03×10−4 1.28 26.92 1.296 6.10

P3 6.48×10−5 1.14 24.32 1.456 6.24

P4 4.00×10−5 1.03 23.42 1.620 6.58

Fig. 5 Conductivity versus concentration of P2 at different temperatures

Fig. 3 Surface tension versus logC of P2 at different temperatures
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The CMCs are almost equal to the one determined by sur-
face tension measurements. From the plot of electric conduc-
tivity versus concentration of P(SiO)m(SiOQAEp)n solution,
the ionization degree α can be calculated from the slopes of
the two lines before and after the CMC according to Eq. 7, and
the counterion binding degree β was calculated by β=1−α
[22].

α ¼
dκ
dc

�� ��
C>CMC

dκ
dC

�� ��
C<CMC

ð7Þ

The thermodynamic parameters of micellization, such as
the standard Gibbs energy (ΔG0

m), the standard entropy
(ΔS0m), and the standard enthalpy (ΔH0

m), are calculated by
Gibbs equation with the mass action model [47]. The standard
Gibbs free energy of micellization is calculated with the fol-
lowing equation:

ΔG0
m ¼ RT 1þ nβð Þln X CMC þ nβRT lnn ð8Þ

where R is the gas constant (8.314 J mol−1 K−1); T is the
absolute temperature; n is the number of quaternary ammoni-
um group units and the value was determined by non-aqueous
titration; β is the counterion binding degree; XCMC is the mole
fraction of silicone surfactant at CMC; and XCMC=CMC/55.4,
55.4 is the mole number of 1 L water at 25 °C.

Therefore, the standard enthalpy of the micellization can be
obtained from the Gibbs-Helmholtz equation:

ΔH0
m

∂ ΔG0
m

.
T

� �

∂ 1
.
T

� �
2
4

3
5 ¼ −RT 2 1þ nβð Þ dlnX CMC

dT

� �
ð9Þ

The entropy of micellization is calculated with the follow-
ing equation:

ΔS0m ¼ ΔH0
m−ΔG0

m

� �.
T ð10Þ

Table 6 shows thermodynamic parameters of micellization
of P2 at various temperatures, and Table 7 shows thermody-
namic parameters of micellization of P(SiO)m(SiOQAEp)n at
25 °C. As shown in Table 6, it can be seen that the β values of
P2 at different temperatures are all pretty low, which indicates
that the self-repulsion of the hydrophilic head groups and the
counterions is stronger than the attraction between the hydro-
philic head groups and the counterions [22, 48]. The molecule
has a lower preference in binding counter ions at the micelle
surface, thus increasing the electrostatic repulsion between
hydrophilic head groups of the surfactant molecules [49],
and the values of β change small with the rise of temperature,
that is, the temperature has little effect on the β values.

As shown in Tables 6 and 7, all the standard Gibbs free
energy (ΔG0

m) of micellization is negative, which indicates
that micelle formation of the aqueous solutions of
P(SiO)m(SiOQAEp)n is a spontaneous process. The standard
free energy decreases with increasing hydrophobic chain
length m, indicating that the aggregation forms more easily.
It is known that the repulsion of hydrophobic chains and water
molecules is the motivating factor in micelle formation [50].
With the increasing hydrophobic chain length, the hydropho-
bic chain water molecule repulsion is larger than the

Table 6 Thermodynamic parameters of micellization of P2

Surfactant P2
298.15 K 303.15 K 308.15 K 313.15 K

α 0.5360 0.5108 0.5066 0.5089

β 0.4640 0.4892 0.4934 0.4911

CMC (mol−1) 1.05×10−4 1.22×10−4 1.36×10−4 1.47×10−4

XCMC (mol L−1) 1.89×10−6 2.20×10−6 2.45×10−6 2.65×10−6

ΔG0
m (KJ mol−1) −188.56 −197.60 −200.23 −195.92

ΔH0
m (KJ mol−1) −114.39 −123.67 −128.82 −132.50

TΔS0m (KJ mol−1) 74.17 73.93 71.41 63.42

Table 7 Thermodynamic parameters of micellization of P(SiO)m(SiOQAEp)n at 25 °C

Sample α β CMC (mol L−1) XCMC (mol L−1) ΔG0
m (KJ mol−1) ΔH0

m (KJ mol−1) TΔS0m (KJ mo−1)

P1 0.5514 0.4486 2.98×10−4 5.37×10−6 −118.07 −77.14 40.93

P2 0.5360 0.4640 1.05×10−4 1.89×10−6 −188.56 −114.39 74.17

P3 0.3700 0.6300 6.51×10−5 1.17×10−6 −368.30 −234.16 134.14

P4 0.4350 0.5650 4.00×10−5 7.20×10−7 −460.80 −312.24 148.56

Fig. 6 The MBC values of P(SiO)m(SiOQAEp)n against B. subtilis,
S. aureus, and E. coli, respectively
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electrostatic attraction interactions between molecules, which
enforces the surfactant molecules to aggregate to micelle by
their van der Waals interaction to pass into a less energetic
stable state [51, 52]. The standard enthalpy (ΔH0

m) of the
micellization is negative, which suggests that the formation
of micelles is an exothermic process, and the London disper-
sion interaction is the major attractive force for micellization
[53]. That can explain why the transference of the silicone
chain from the aqueous environment to the interior of
the micelle is an exothermic process [54]. It is worth
noting that the value ofΔG0

m is mainly contributed byΔH0
m,

which indicates that the micellization process of
P(SiO)m(SiOQAEp)n in aqueous solution is enthalpy-driven.
Furthermore, the ΔS0m values of P(SiO)m(SiOQAEp)n de-
crease with temperature, which is due to the breakage of hy-
drogen bonds in water with temperature. When the
P(SiO)m(SiOQAEp)n dissolves in water, the hydrophobic
group of the surfactant in some way damages the Biceberg
structure^ of water molecules.

Overall, the micelle formation in aqueous solutions of
P(SiO)m(SiOQAEp)n is relevant to the molecular weight. This
can be explained that the surfactant with higher molecular
weight has the longer Si–O–Si chain length. And the molec-
ular chain length can increase its softness, so the molecular
chain is easy to curl and the surfactant is easy to form a single

molecule or molecular micelle. It can be concluded that the
structures of the hydrophobic groups of the cationic silicone
surfactants have a significant influence on the driving force of
the aggregate formation [41].

Antibacterial activity

MBC means the minimum bactericidal concentration to kill
all the bacterial. Therefore, the lower is the MBC value of an
agent, the higher is the antimicrobial activity [55].

The MBC values of P(SiO)m(SiOQAEp)n are shown in
Fig. 6. It can be seen that P(SiO)m(SiOQAEp)n exhibit an
excellent antibacterial activity against B. subtilis, S. aureus,
and E. coli. Furthermore, the increase of molecular weight
of P(SiO)m(SiOQAEp)n leads to high antimicrobial activity
and wide antimicrobial spectrum by the comparison of
MBC. It is suggested that the antibacterial activity is due to
the positively charged nitrogen atom in polymers [56]. The
P(SiO)m(SiOQAEp)n are long chain quaternary ammonium
salts, higher molecular weight means more number of cationic
groups, which makes the antibacterial activity stronger. The
reason is that long quaternary group chain with highmolecular
weight can dissolve the fat cell of the bacteria easily [57]. In
addition, the bacterial species also influence the antibacterial
activity of agents [20, 58]. B. subtilis is most sensitive to the

Fig. 7 The antibacterial activity
of P2 against a E. coli, b
S. aureus, and c B. subtilis,
respectively

Fig. 8 The mechanism of killing bacteria of P(SiO)m(SiOQAEp)n
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P(SiO)m(SiOQAEp)n, followed by S. aureus, and E. coli was
most insensitive. As shown in Fig. 7, P(SiO)m(SiOQAEp)n
exhibits a large and clear inhibition zone on solid agar media
against B. subtilis and S. aureus in contrast to E. coli.

Generally, there are three elementary processes to inhibit or
kill the bacteria: (1) adsorption onto the negatively charged
bacterial cell surface; (2) penetrating the cell wall; (3) and
binding to the cytoplasmic membrane and damaging the cy-
toplasmic membrane [22, 57]. Bacteria can be divided into
two classes, Gram-positive bacteria (i.e., S. aureus) and
Gram-negative bacteria (i.e., E. coli). Gram-positive bacteria
tend to have a loose cell wall, while Gram-negative bacteria
have an outer membrane structure in the cell wall and form an
additional barrier against foreign molecules. QACs are typi-
cally more easily absorbed on the loose cell wall and diffused
to the cytoplasmic membrane and then damaged the cell struc-
ture [56, 59]. Clearly, the schematic mechanism for killing the
bacteria and bacteria structure is shown in Fig. 8.

Conclusions

The polysiloxane quaternary ammonium salts containing ep-
oxy group (P(SiO)m(SiOQAEp)n) with different molecular
weight and cationic concentration had been synthesized. The
aggregation behaviors of in aqueous solution, antibacterial
activities, and thermal stability of P(SiO)m(SiOQAEp)n were
investigated. It is shown that P(SiO)m(SiOQAEp)n gives un-
usual properties at the air/water interface and in bulk solution.
As expected, the surfactants show fairly low CMC and high
efficiency in lowering surface tension. The molecule weight
has significant impacts on the properties of the surfactants’
properties. The negative standard Gibbs free energy (ΔG0

m)
and standard enthalpy (ΔH0

m) of micellization suggest that
micelle formation of P(SiO)m(SiOQAEp)n in an aqueous so-
lution is a spontaneous and exothermic process. The enthalpy
of micellization ΔH0

m is the main contribution to ΔG0
m so

that the micellization process is an enthalpy-driven process. It
is also found that the P(SiO)m(SiOQAEp)n exhibits an excel-
lent antibacterial activities against B. subtilis, S. aureus, and
E. coli. In addition, P(SiO)m(SiOQAEp)n has excellent low
temperature flexibility as well as chemical and thermal stabil-
ity. From a practical point of view, it is interesting that those
surfactants, when incorporated in polymers with epoxy qua-
ternary ammonium salt group, would work as antibacterial
agents in the medical field, wastewater treatment, and so on.
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