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ABSTRACT: The synthesis and characterization of some novel ionic organic/inorganic hybrids containing quaternary ammonium salt

groups in the side chain, built on the basis of poly(N,N-dimethylaminoethyl methacrylate), as an organic component and cation pro-

vider, and chloroalkyl-functionalized silicone derivatives as crosslinkers and anion generators, are reported in this work. The resulted

structures were investigated using Fourier transform infrared spectroscopy, differential scanning calorimetry, thermogravimetric analy-

sis, and energy dispersive X-ray spectroscopy. The swelling behavior of the ionic hybrids in water as a function of pH as well as the

water vapor sorption capacity in dynamic regime was also studied. The cationic hybrids have a higher swelling capacity at pH 2 com-

pared with deionized water (pH 6) due to the presence of tertiary amine groups belonging to the organic compound. The ionic

organic/inorganic hybrids were tested as potential sorbents for anionic species such as dyes [e.g., methyl orange (MO)]. The equilib-

rium sorption capacity increased with the increase of the organic component up to around 32 mg MO/g hybrid. VC 2016 Wiley Periodi-

cals, Inc. J. Appl. Polym. Sci. 2016, 133, 43942.
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INTRODUCTION

Hydrogels are three-dimensional chemically and/or physically

bound polymeric networks able to absorb significant amounts of

water, the majority being able to modify their volume/phase in

response to small alteration of the external stimuli.1–6 Therefore,

hydrogels have found widespread applications in pharmaceutical

and medical domains,7–9 in agriculture,10 in separation processes,11

etc. Special attention was recently given to ionic hydrogels, the pres-

ence of ionic or ionizable centers in their structure making them

sensitive to a large number of external stimuli.12–16 Specifically, pol-

y(N,N-dimethylaminoethyl methacrylate) (PDMAEM) has dual

temperature and pH response.17–19 The applications of PDMAEM

hydrogels in biomedicine, water treatment, and superabsorbent

materials have been explored.20–24 Lately, organic–inorganic

hybrids have attracted a great deal of attention.25,26 These materials

can be obtained by chemical modification of the polysiloxane back-

bone with various organic functional groups. Among the polysilox-

anes modified by the presence of hydrophilic functions in organic

radicals particularly interesting and broadly known are those bear-

ing quaternary ammonium salt (QAS) groups.27 It is well known

from literature that the polymers containing QAS groups present

an excellent activity against some bacteria (Escherichia coli, Staphy-

lococcus albus, Aeromonas hydrophila, and Bacillus subtilis, for exam-

ple), have low toxicity, good cell membrane penetration properties,

and environmental stability.28 Some ionic organic/inorganic hybrid

hydrogels containing QAS sequences, either in the backbone,29 or

in the side chain have been already reported by our group.30,31

In this study, Menshutkin reaction between poly[dimethyl-co-

(chloromethyl)methylsiloxane]-a,x-diol (S1), poly[(chloromethyl)

methylsiloxane]-a,x,-diol (S2), and (3-chloropropyl)trimethoxysi-

lane (S3) as novel crosslinkers and PDMAEM was used in order

to obtain novel covalently crosslinked ionic hybrids bearing both

tertiary amine groups in the side chain and QAS centers. Different

from the hybrids prepared before,31 where telechelic chloroalkylated

siloxanes, such as 1,3-bis-(chloromethyl)-1,1,3,3-tetramethyldisi-

loxane, 1,3-bis(chloropropyl)-1,1,3,3-tetramethyldisiloxane, and

a,x-bis(chloromethyl)oligodimethylsiloxane were used, the silicone

derivatives chosen here as crosslinkers for the same organic polymer

have different structures allowing other crosslinking patterns with

different effects on the behavior of the resulted materials. Thus, the

S1 is a copolymer where crosslinking centers statistically alternate

with inert dimethylsiloxane units assuring a more uniform distribu-

tion of the crosslinking points. The S2 possesses a crosslinking cen-

ter at each silicon atom within backbone. As a result, a S2 molecule
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will assure a high number of crosslinking points. Their involving

degree in crosslinking reactions will be limited by spatial steric hin-

drance only. The crosslinker S3 is a commercial product that shows

a single chloroalkyl group/molecule, but possesses three hydrolys-

able groups that, by hydrolysis/condensation, permit another three

intra- or inter-molecular connections with similar groups. These

crosslinkers are known silicone derivatives but they were used for

first time in this combination and in this aim. The affinity for ani-

onic species such as methyl orange (MO) of the novel hybrids was

tested.

EXPERIMENTAL

Materials

(3-Chloropropyl)trimethoxysilane, >95%, molecular weight 198.72

g/mol, d 5 1.09 g/mL; b.p. 5 195 8C/750 mmHg, dichlorodimethylsi-

lane, �99.5%, molecular weight 129.06 g/mol, d 5 1.07 g/mL,

b.p. 5 70 8C, and dichloro(chloromethyl) methylsilane, 98%, molecu-

lar weight 163.51 g/mol, b.p. 5 121–122 8C, d 5 1.284 g/mL were

purchased from Aldrich and used as received. DMAEM, purchased

from Sigma-Aldrich, was distilled at 47 8C, at reduced pressure (about

4 mmHg), and kept at 4 8C. 2,20-Azo-bis(isobutyronitrile) (AIBN),

from Sigma-Aldrich, used as radical initiator, was purified by recrystal-

lization three times from methanol. Sodium iodide, supplied by

Fluka AG, was dried in vacuum on P2O5 before using. MO, from

Sigma-Aldrich, was used after three times recrystallization from a 8 wt

% solution in a mixed solvent of water and methanol (1:1 v/v). The

solvents n-propanol, chloroform, petroleum ether (Chemical

Company), and tetrahydrofuran (THF) (Fluka), all of analytical grade,

were used without further purification.

Methods

Synthesis of Organic Component (PDMAEM). PDMAEM was

synthesized by free radical polymerization in toluene, in the

presence of AIBN, at a concentration of 1.2 wt % to DMAEM,

10 h, at 75 8C, under nitrogen.32 Polymer was recovered by

precipitation with petroleum ether. Polycation purification was

performed by dialysis with Spectra/PorRDialysis Membrane with

MWCO of 8.000 D, from Spectrum Labs. Comp., against dis-

tilled water for at least 3 days. The dilute aqueous solutions

were concentrated by gentle heating under vacuum, and the

polymer was recovered then by freeze drying with Martin

Christ, ALPHA 1-2LD device (24 h, at 257 8C and 0.04 mbar).

Finally, the polymer samples as white powder were dried in vac-

uum, at room temperature (�20 8C), in the presence of P2O5.

The molar mass of PDMAEM was evaluated by GPC. GPC

measurements were performed in THF 1 2 wt % triethyl amine,

at 35 8C, using a Polymer Laboratories GPC with two columns

(PLgel 5 hm Mixed C Agilant and PLgel 5 hm Mixed D Agi-

lant) equipped with PL-EMD 950 Evaporative Mass Detector.

The molar mass was 25,500 g/mol, and PI 2.2. The chemical

structures of silicone crosslinkers and PDMAEM used in this

study are presented in Figure 1.

Synthesis of the Silicone Derivatives. S1 with a content of

(chloromethyl)methylsiloxane groups of 34.6 mol %, was pre-

pared by co-hydrolysis of dichlorodimethylsilane with dichloro

(chloromethyl)methylsilane in 1:1 molar ratio, in ethylic ether,

in the presence of water, while the homopolymer S2 was pre-

pared by hydrolysis of dichloro(chloromethyl)methylsilane only

in the same conditions. Thus, both reactions were performed at

room temperature under stirring for 4 h after which the mix-

tures were washed with a solution 5% NaHCO3 and water until

neutral pH. The etheric phases were dried on CaCl2 and then,

the ether was removed by distillation. The remained oils, con-

sisting in mixtures of cyclic and linear oligomers, were equili-

brated by mixing with 2.5 wt % sulfonic resin, Purolite CT-175,

for 10 h, at 90 8C. The catalyst was removed by filtration, while

the filtrates were evaporated at 150 8C/5 mmHg. The structures

of the hydrolysis-equilibration products were confirmed by 1H

NMR spectroscopy (Figure 2). The procedure is adapted from

that reported in ref. 33 except the used equilibration catalyst,

trifluoromethanesulfonic acid, which in our case was replaced

with an ion exchanger with sulfonic acid groups. We still have

used this procedure previously.34,35

The composition of the copolymer S1 was estimated on the

basis of the intensity of the peak at 2.75 ppm assigned to

ClACH2ASiAOA protons and that at 0.071 ppm assigned to

(CH3)2SiAOA protons (Figure 2 up). Molecular weights of the

two polymeric crosslinkers as estimated by GPC were: S1,

Mn 5 47,000, I 5 2.0, while for S2, Mn 5 1800, I 5 1.6 by using

chloroform as eluent.

Synthesis of Ionic Organic/Inorganic Hybrids. The silicone

derivative and PDMAEM, in different proportions, were dis-

solved in n-propanol, chloroform or THF. NaI in a molar ratio

of 0.5:1, related to the chlorine content, was added as catalyst,

as is specified in Table I.

The replacement of chlorine with more reactive iodine in the

CACl group occurs in this case. The mixture was refluxed on a

thermosetting bath in a flask equipped with magnetic stirrer

and reflux condenser. The reaction time varied between 16 and

65 h. The reaction mixture was slowly poured on a Teflon sheet

to assure the solvent evaporation at room temperature. The

ionic hybrids thus obtained were removed from the sheet and

maintained in vacuum at 50 8C about 24 h. All ionic hybrids

Figure 1. The chemical structures of starting reactants used in this work.
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were purified by immersion in acetone for 24 h, and then,

repeatedly, washed with distilled water until the neutral pH,

and finally, allowed to dry in vacuum at 50 8C for 48 h.

The reaction conditions for the synthesis of ionic hybrids are

presented in Table I. The code of ionic hybrid samples listed in

Table I has been abbreviated as follows: SHX:Y, where S: S1, S2,

and S3 representing the silicone containing component, H

denotes the hybrid network, and X:Y show the weight ratio

between components. The experimental and calculated values

for carbon, silicon, nitrogen, chlorine, iodide, and the weight

ratios (C/Si and N/Si, respectively), are presented in Table II.

Characterization of Ionic Hybrids

FTIR. The structure of all ionic hybrids was investigated by

FTIR spectroscopy. The dried samples were first frozen in liquid

nitrogen, and then ground in a mortar to get the samples as

powder. FTIR spectra were recorded with a Bruker Vertex FTIR

spectrometer, a resolution of 2 cm21, in the range 4000–

400 cm21 by KBr pellet technique, the amount of the sample

being about 5 mg in each pellet.

1H-NMR. 1H-NMR spectra have been recorded on 1H-NMR

spectrometer of 400 MHz, Bruker Avance DRX 400, in CDCl3,

at room temperature. The chemical shifts are reported as d val-

ues (ppm), referenced to the solvent residual peak (7.26 ppm).

Water Uptake. The ionic hybrids were dried in vacuum, at

room temperature, in the presence of P2O5 and used to deter-

mine their swelling capacity. The swelling measurements were

performed in distilled water with pH 5 6 and in HCl aqueous

solution with pH 5 2, respectively, when each sample was kept

in selected medium until the equilibrium swollen state was

reached. The preliminary tests showed that the time necessary

to attain the equilibrium swollen state was maximum 48 h. The

swelling was studied using conventional gravimetric procedure.

Swollen hybrids were weighed by an electronic balance after

wiping the excess surface liquid by filter paper. The water

uptake (W) (g/g) was defined by eq. (1):

W 5
ðWt 2WdÞ

Wd

(1)

where Wd is the weight (g) of the dried sample, and Wt is the

weight (g) of the swollen sample at time t. The measurements

were performed three times.

Thermogravimetric Analysis (TGA). TGA experiments were

conducted on a STA 449 F1 Jupiter device (Netzsch, Germany).

Samples were heated in alumina crucibles in nitrogen atmos-

phere at a flow rate of 50 mL/min. A heating rate of 10 8C/min

was applied.

Differential Scanning Calorimetry (DSC). DSC measurements

were conducted on a DSC 200 F3 Maia device (Netzsch, Ger-

many). A mass of 10 mg of each sample was heated in pierced

and sealed aluminum crucibles in nitrogen atmosphere at a flow

rate of 50 mL/min and a heating rate of 10 8C/min. The device

was calibrated with five different high purity metals (In, Sn, Bi,

Zn, and Hg) according to standard procedures recommended

by the manufacturer and the scientific literature.36 After DSC

materials measurements were completed, peak areas (DH) could

be expressed in joules per mass unit (J/g), rather than lV�s/mg,

due to the previous temperature and sensitivity calibration.

Experiments baseline was obtained after calibration by scanning

Table I. Reaction Conditions for the Synthesis of the PDMAEM/Silicone hybrids

PDMAEM/silicone

Sample code Silicone Weight ratio Molar ratio Catalyst Molar ratio catalyst/chlorine

S1H2:1 S1 2:1 1:0.36 NaI 0.5:1

S1H1:2 S1 1:2 1:1.4 NaI 0.5:1

S2H2:1 S2 2:1 1:0.75 NaI 0.5:1

S2H1:2 S2 1:2 1:3 NaI 0.5:1

S3H1:1 S3 1:1 1:0.79 NaI 0.5:1

S3H2:1 S3 2:1 1:0.42 NaI 0.5:1

S3H1:2 S3 1:2 1:1.59 NaI 0.5:1

Figure 2. 1H-NMR spectra for S1 (up) and S2 (down) recorded in CHCl3

at room temperature. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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the corresponding temperature range with an empty pan and

the temperature against heat flow, in mW/mg, was recorded

afterward during the measurements of the studies structures.

Dynamic Vapor Sorption Analysis (DVS). Sorption–desorption

isotherms were registered with fully automated gravimetric ana-

lyzer IGAsorp produced by Hiden Analytical, Warrington

(United Kingdom). The weight change was measured with an

ultrasensitive microbalance, system measurements being fully

automated and controlled by a IGASORP WindowsTM based

software package. The samples were dried at 25 8C in flowing

nitrogen (250 mL/min) until the equilibrium was reached [rela-

tive humidity (RH)< 1%]. Then, RH was gradually increased

from 0 to 90% and the sorption curves were registered. The

vapor pressure was stepwise increased in 10% humidity steps,

with a pre-established equilibrium time between 100 and 110

min (minimum time and time out, respectively) for each of

them. The cycle was ended by decreasing the vapor pressure in

steps to obtain also the desorption isotherms. To evaluate Bru-

nauer–Emmett–Teller (BET) surface, a program with 5%

humidity steps between 0 and 40% RH and 10% humidity steps

between 40 and 90% RH was used. For desorption, 10%

humidity steps were used for the entire humidity range.

Energy Dispersive X-ray Spectroscopy (EDX). Elemental com-

position was determined with Environmental Scanning Electron

Microscope (ESEM) type Quanta 200 having coupled an energy

dispersive X-ray spectroscopy (EDX). The EDX detector is a

solid state device designed to detect X-rays and convert their

energy into electrical charge. This charge becomes the signal

which when processed then identifies the X-ray energy, and

hence its elemental source. The X-ray in its interaction with sol-

ids gives up its energy and produces electrical charge carriers in

the solid. A solid state detector can collect this charge. The

EDX detector used is the Si detector—EDX silicon-drift detec-

tor enables rapid determination of elemental compositions and

acquisition of compositional maps. Samples are imaged at

10 mm WD (working distance), which is the stage eucentric

position and the collection point of the EDX detector. It is used

in conjunction with the LFD detector. LFD: Large Field Detec-

tor Accelerating Voltage: 20 kV; Low vacuum mode, uncoated

samples.

Sorption of MO onto the Hybrids. In acidic condition, the ter-

tiary amine groups of PDMAEM can be protonated. For this

purpose, the hybrids were kept in aqueous solution of HCl at

pH 2 until the equilibrium swollen state was reached (48 h), at

room temperature. Then, the hybrids were quickly washed twice

with distilled water, and twice with methanol for 2 h. Finally,

the hybrids were dried in vacuum, at room temperature in the

presence of P2O5 and used to determine their sorption capacity

for MO. Tests of the sorption ability of the cationic hybrids

against MO were performed as follows. About 5 mL of MO

aqueous solution with a concentration of 1024M were added to

about 5 mg of hybrid, under magnetic stirring, and the stirring

went on 24 h, at room temperature (about 24 8C). About 2 mL

of each mixture were centrifuged and the concentration of the

dye in supernatant was measured by Specord 200 PlusT
ab
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Spectrophotometer (AnalytikJena), and the sorption capacity, qe

in mg/g, was evaluated with eq. (2):

qe5
ðC02CeÞV

m
(2)

where C0 and Ce are the concentrations of the dye in aqueous

solution (mg/L) before and after the interaction with the ionic

hybrids, respectively, V is the volume of the dye aqueous solu-

tion (L), and m is the amount of the dried ionic hybrids (g).

RESULTS AND DISCUSSION

Formation of Ionic Hybrids

Due to the particularity of the siloxane bond and to the pres-

ence of methylsiloxane group, these crosslinkers constitute the

flexible and hydrophobe part of the resulted materials besides

the rigid and polar organic part consisting of PDMAEM. Thus,

the resulted material will be amphiphilic. The Menshutkin reac-

tion between silicone based crosslinkers (S1, S2, and S3) and

PDMAEM was used to obtain covalently crosslinked ionic

hybrids containing QAS sequences in the crosslinking bridges.

The crosslinking degree and the type of the functional groups

of the ionic hybrids were established by the feed molar ratio

between the reactive functional groups of the PDMAEM and

the silicone derivatives functionalized with chloroalkyl groups

(Table I and Figures 1 and 3).

As can be observed from Figure 3, the Menshutkin reaction led

to the generation of positive charges by the reaction between

the tertiary amine groups from the side chains of PDMAEM

and the chloroalkyl functional groups from the S2 and S3 sili-

cone crosslinkers (an SN2 reaction). The reaction between S1

and PDMAEM is similar to the one presented in Figure 3(a). It

is known that for alkyl halides, the reactivity increases as the

volume of the halogen atom increases in the following order:

Figure 3. Schematic representation of the formation the ionic hybrids obtained with: (a) S2 and (b) S3 as crosslinkers.
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I>Br>Cl> F. This is due to the fact that iodoalkyl groups

have a much higher reactivity toward the tertiary amine, com-

pared with chloroalkyl groups. Therefore, the chloroalkyl groups

from the silicone derivatives were converted into an iodoalkyl

group by halogen substitution with NaI. As can be observed

from Table II, when S1 was used as a crosslinker in the reaction

with PDMAEM, at a molar ratio between functional groups of

1:1.4 (S1H1:2), silicon and chlorine contents increased, com-

pared with the sample having the tertiary amine groups in

excess (S1H2:1). In the case of the crosslinker S2 (S2H1:2), pre-

pared at a molar ratio between reactive functional groups of 1:3

and a higher concentration of the reactant, in the presence of

NaI (0.5:1), high amount of silicon and chlorine were incorpo-

rated in the hybrid. Increasing the molar ratio between tertiary

amine and chlorine up to 1:0.75, determined an increase of

nitrogen content in hybrid, as expected (S2H2:1). The silicone

crosslinker S3 was more effective in the reaction with

PDMAEM, a molar ratio between reactive functional groups of

1:1.59 (S3H1:2) leading to the increase of the silicon and chlo-

rine contents (Table II). In the case of this crosslinker, concomi-

tantly with the Menshutkin reaction, under the environmental

humidity and in the presence of ammonium groups belonging

to PDMAEM, a hydrolysis/condensation reaction of the easy

hydrolysable Si-OCH3 groups occurs with the formation of the

silsesquioxane domains that in fact are the crosslinking nodes.

The excess of tertiary amine groups would lead to an increase

of the pH responsivity of the hybrid (S3H2:1), as the swelling

behavior will demonstrate. Table II shows a satisfactory agree-

ment between the found and calculated values for carbon con-

tents. From Table II, it can be seen that found and calculated

values for the weight ratio N/Si are higher when the hybrid

samples present an excess of tertiary amine groups.

Spectral Characterization

FTIR spectroscopy was used to identify any changes in the

structure of the covalently crosslinked ionic hybrids compared

with that of the starting PDMAEM and silicone crosslinkers.

The silicone structure and the synthesis conditions may influ-

ence the intensity of the characteristic bands for silicone deriva-

tive. The FTIR spectra of crosslinkers, PDMAEM and some

ionic hybrids are shown in Figure 4(a–c), respectively.

In the FTIR spectrum of S1H1:2 ionic hybrid, the presence of

PDMAEM is supported by the peaks located at 1731 cm21

attributed to the stretching vibration of C@O in ester group,

the peaks from 2965 cm21, 2855 cm21, and 1483 cm21 are

assigned to the stretching of CAH from aliphatic (CH3, CH2)

groups. The band at 1150 cm21 assigned to CAN stretching in

tertiary amine groups found in PDMAEM spectrum, was not

visible in the hybrid spectrum, being covered by characteristic

bands of the SiAOASi bonds. Moreover, the characteristic

Figure 4. FTIR spectra of the starting reactants and some ionic hybrids: (a) S1, PDMAEM and S1H1:2; (b) S2 and S2H1:2; (c) S3 and S3H1:1.
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bands of the inorganic component can be observed at:

804 cm21 and 1264 cm21 assigned to the deformation of SiAC

bond in SiACH3 groups, as well as in the region 1033–

1096 cm21 attributed to the SiAOASi bond. In the spectrum of

the hybrid obtained with silicone crosslinker S2, the presence of

PDMAEM is confirmed by the bands at 1732 cm21, and by the

peak at 1150 cm21, attributed to CAN stretching in tertiary

amine, shifted to about 1116 cm21 in hybrid. The presence of

crosslinking agent S2, is supported by the bands located at

776 cm21 and 1265 cm21 attributed to CASi bond in SiACH3

groups, and by the peak at 1034 cm21 assigned to SiAOASi

bonds. The crosslinker S3, being an organotrimethoxysilane,

that does not contain SiAOASi group, shows in its IR spectrum

a sharp and intense band at 1088 cm21 assigned to the stretch-

ing of SiAOAC bond besides to bands at 816 and 1192 cm21

corresponding to SiAC bond and the bands at 2843 and

2945 cm21 due to CAH vibration from SiAOCH3 and SiA
(CH2)3 groups, respectively. The FTIR spectrum of the product

resulting from the reaction of S3 with PDMAEM isolated after

5 h is dominated by the characteristic absorption bands of the

latter (1150, 1272, and 1729 cm21), while the peak at

1059 cm21 is attributed to the newly formed SiAOASi bonds

as a result of hydrolysis/condensation reaction of easy hydroliz-

able SiAOACH3 groups from the silane derivative. The band at

1088 cm21 in the spectrum of the crosslinker S3 is shifted at a

higher frequency, at 1100 cm21 in the spectrum of the ionic

hybrid being assigned to the unhydrolyzed SiAOAC groups.

After 10 h, it is obvious the evolution of crosslinking process by

the emergence of a strong, broad and split band at 1022–

1098 cm21 characteristic for SiAOASi bond from the formed

silsesquioxane domains.

Water Uptake as a Function of pH

The swelling behavior of a polymer network depends on a num-

ber of factors, like hydrophilic/hydrophobic balance of the net-

work, the presence of ionic or ionizable groups and the

crosslinking extent of the network.37 The swelling behavior as a

function of pH at 25 8C for the ionic hybrids are shown in Table

III and Figure 5.

As can be observed, the hybrids containing amine groups in the

highest excess toward chloroalkyl groups (1:0.36 and 1:0.42 in

S1H2:1 and S3H2:1, respectively) seem to be the most hydrophilic

and this characteristic is enhanced with decreasing pH in all cases.

According to Table III, the highest values for W were obtained for

samples crosslinked with crosslinker S1 that consists of a siloxane

copolymer containing 34.6 mol % of (chloromethyl)methylsilox-

ane groups, the remaining being dimethylsiloxane units which do

not participate in crosslinking. Therefore, a higher number of free

amine groups will remain. In the samples crosslinked with S2, con-

taining only (chloromethyl)methylsiloxane groups in molecule,

the number of free amino groups will be lower and, as a result will

have lower hydrophilicity. For samples cured with S3, although it

would be expected to increase hydrophilicity, W capacity is lower,

likely because of higher crosslinking degree achieved both through

ionic but especially by covalent bonds formed by condensation of

SiAOH groups. The content of PDMAEM influenced the W val-

ues, PDMAEM being a weak polycation, its affinity for water

increasing with the increase of the degree of protonation of the

tertiary amine groups. In the acidic medium, the protonation of

the amine groups leads to the repulsion in the polymer chains,

thus allowing more water to penetrate the hybrid network. In

pure water (pH 6), the repulsion between cationic groups

decreased and, therefore, the amount of water in the hybrid

decreased accordingly.2

Figure 4. (Continued).

Table III. Water Uptake (W) of the Ionic Hybrids at 25 8C

W, g/g
W (pH 2)/
W (pH 6)Sample code Silicone pH 6 pH 2

S1H2:1 S1 4.10 17.89 4.36

S1H1:2 6.71 8.27 1.23

S2H2:1 S2 3.67 5.80 1.58

S2H1:2 2.70 4.74 1.76

S3H1:1 S3 1.81 1.74 0.96

S3H2:1 2.55 5.80 2.27

S3H1:2 1.60 1.82 1.14
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TGA and DSC Measurements

The thermal stability of the ionic organic/inorganic hybrids was

evaluated by TGA performed in inert atmosphere. The thermog-

ravimetric, TG, curves and the differential weight loss, DTG,

curves, of the ionic hybrid are presented in Figure 6.

As Figure 6 shows the thermal degradation runs in four, five, or

six stages, indicating a different degradation pathway of hybrids

as a function of the main parameters varied in the synthesis

and the crosslinking agent structure. From Figure 6, one may

observe that the hybrids exhibit decreasing weight from the

beginning, due to the hygroscopic nature of the highly hydro-

philic quaternary ammonium centers and the implied solvents.

In general, this may lead to thermal history in more than one

stage, with a relatively high humidity loss.38 The thermograms

of the studied compounds may obviously be divided into two

sequences. The first part consists of the dehydration and QAS

groups decomposition, ranging through temperature values up

to 300 8C.27 The second sequence corresponds to the silicone

polymer chains decomposition, around or higher than 300 8C.39

It is known that, due to its partially ionic character, the SiAO

bond possesses high bond dissociation energy values.40 Due to

this aspect, the increase of the siloxane chain lengths improves

thermal stability.41 In this sense, it was observed that the resid-

ual content increased with increasing ratio of silicone moieties,

thus depending on their molecular weight, the values found

being as follows: 22.88, 39.81, 36.3, 51.26, 39.62, 37.95, and

59.4%, for S1H2:1, S1H1:2, S2H2:1, S2H1:2, S3H1:1, S3H2:1, and

S3H1:2, respectively. The residual mass that remained at 700 8C

is generated by the SiAO bond presence. That is the reason why

higher molecular weights of the crosslinkers lead to increasing

SiO2 residue mass.27

The determination of the glass transition temperature, Tg, rep-

resents a very useful tool in the evaluation of the miscibility of

two polymers. Figure 7 and Table IV show the second heating

runs and DSC data of the studied structures. The generally

weak Tg intensities compared with those of the pure comprising

components are due to curing and they may slightly vary

depending on crosslinking degree. Higher crosslinking densities

may lead to very less intense and unobservable Tg values or

even to their complete disappearance, as further demonstrated.

By analyzing Figure 7 and Table IV one may observe that,

besides the initial polymer (PDMAEM) and crosslinkers (S1,

Figure 5. Comparative water uptake values (W) of the ionic hybrids at

25 8C at two different pH values; the results are represented as means 6

standard deviation (n 5 3). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Thermogravimetric analysis results of ionic organic/inorganic

hybrids: (a) TG curves; (b) DTG curves. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. DSC thermograms of ionic hybrids, crosslinkers (S1, S2) and ini-

tial non-crosslinked polymer (PDMAEM). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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S2), only structures containing silicon crosslinkers in excess

against tertiary amine groups and of higher molar masses

exhibited Tgs. Tg values at 276 8C and 271 8C for the samples

S1H1:2 and S2H1:2 are assigned to methyl(chloromethyl)silox-

ane units, that are in the highest contents in these hybrids. The

Tg value increases with increasing of the chloromethyl groups

content, as in the case of sample S2H1:2 in which the (chloro-

methyl)methylsiloxane homopolymer was used as crosslinker in

3:1 molar ratio related to the organic component. The Tg value

is influenced by chain length and flexibility. The initial non-

crosslinked polymer (PDMAEM) exhibited a Tg value at 19 8C,

the same value being reported in the literature.42 Since the S3

crosslinker is not a polymer, it did not exhibit a Tg. Siloxane

entities from S1 and S2 crosslinkers exhibit free ASiAOASiA
linkage rotation (bond angle 130.58), which endows the siloxane

bond with low cohesive energy, thus increasing its flexibilty,

even at low temperature values.43 The higher the siloxane chain

length, the lower the Tg value. This explains the low Tg values

of crosslinkers S1 (2116 8C), S2 (289 8C) and of the samples

crosslinked with S2 (271 8C) and with S1 (276 8C) in 1:1.4

molar ratio and 1:3, respectively. The absence or very weak

unobservable detection of Tg for structures crosslinked with S3

is due to the increased rigidity imposed by the high crosslinking

degree achieved through ionic and covalent bonds formed by of

SiAOH groups condensation, confirmed through the swelling

behavior results. Another explanation resides in the fact that the

presence of a single Tg is an indication of a good miscibility of

the crosslinked polymer networks, generated by a forced phase

compatibilization, leading to a synergism of the properties of

the individual components in the networks.44 Also, the presence

of a single Tg for the copolymer crosslinker S1 (2116 8C) con-

firms its successful synthesis. The two discussed Tg values

(271 8C and 276 8C) are significantly higher than that of pure

poly(dimethylsiloxane) [PDMS (2125 8C)], due to a slightly

rigid character imposed by the presence of chloromethyl moi-

eties from alternating silicon atoms. Occurrence of the phase

transition characteristic to the lower critical solution tempera-

ture (LCST) resides in establishment of hydrogen bonds

between polymer chains.45 Hydrogen bond cleavage occurs

when heating above the cloud point temperature (Tcp), leading

to hydrophobic interactions increase between polymer chains.46

All structures exhibit a weak exothermic transition in the range

0–50 8C. The exothermic peak temperatures correspond to the

Tcp, the transition being attributed to a thermo-induced struc-

tural packing phenomenon.47

Water Vapors Sorption–Desorption Isotherms

DVS is a rapid method for characterization of sorption/desorp-

tion isotherms of various materials. The sorption and desorp-

tion isotherms performed at 25 8C for the prepared hybrids are

presented in Figure 8.

The average pore size was estimated based on the desorption

branch assuming cylindrical pore geometry using eq. (3).48,49

rpm5
2 � n

100 � qa � A
(3)

where: rpm is the average pore size, nm, A is the BET surface

area, m2/g,48 n is the percentage uptake of water, and qa is the

adsorbed phase density.

Sorption–desorption curves correspond to the type IV iso-

therms, describing the adsorption behavior of mesoporous

materials with pore condensation together with hysteresis loop

between adsorption and desorption branch. The isotherms pres-

ent type H2 hysteresis loop, characteristic for more irregular

array of pore shape. In Table V are listed the data obtained

from the sorption and desorption isotherms. The sorption

capacities of ionic hybrids are different and can be explained by

their structural diversity. As can be seen from Table V, the val-

ues of the sorption capacity increased in the following order:

S2H2:1> S1H2:1> S1H1:2> S3H1:2> S3H2:1> S3H1:1> S2H1:2,

S1H2:1> S1H1:2> S3H1:2> S3H2:1> S3H1:1> S2H1:2, whereas

the order of the BET surface area values was different:

S1H1:2> S2H2:1> S3H1:1> S1H2:1> S3H2:1> S3H1:2> S2H1:2.

The nature of the polar groups, available in ionic hybrids struc-

ture, can determine the difference between surface area and the

order of water sorption capacity.

Table IV. Characteristics of Ionic Organic/Inorganic Hybrids, Crosslinkers

(S1, S2) and Initial Non-Crosslinked Polymer (PDMAEM) Corresponding

to the DSC Thermograms

Sample Tg, 8C Tcp 8C DH, J/g

S1H2:1 – 27 22.3

S1H1:2 276 23 20.92

S2H2:1 – 27 22.03

S2H1:2 271 28 21.42

S3H1:1 – 21 20.96

S3H2:1 – 27 21.55

S3H1:2 – 23 20.7

S1 2116 – –

S2 289 – –

PDMAEM 19 – –

Figure 8. Sorption and desorption isotherms for ionic hybrids determined

by DVS method. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Sorption of MO onto Ionic Hybrids

All hybrids based on PDMAEM and the silicone derivatives

were tested for their capacity to adsorb the anionic dye MO. As

can be seen in Figure 9, the highest sorption capacity was found

for the hybrids where the cationic polymer (PDMAEM) was the

major component, that is, S1H2:1, S2H2:1, S3H2:1, and S3H1:1,

the values being 27.28, 29.61, 31.6, and 28.81, mg/g,

respectively.

An exception was found in the case of the hybrid S1H1:2, which

although has the silicone component in excess has a sorption

capacity comparable with the first four samples (28.82 mg/g).

This surprising behavior could be attributed to the copolymeric

nature of the crosslinker S1, where (chloromethyl)methylsiloxane

groups acting as crosslinking centers statistically alternate with

inert dimethylsiloxane units. This is expected to assure a more

uniform distribution of the crosslinking points and porosity.

According to DVS data, this sample shows the smallest value

for average pore size (0.63 nm) and the highest value for BET

area (855 m2/g). Much lower sorption capacities were found in

the case of the hybrids prepared with the crosslinkers S2 and S3

in excess, i.e. S2H1:2 and S3H1:2, the corresponding values of

MO sorption being 8.8 and 13.31 mg/g, respectively. Thus, the

sorption capacities of MO as a model dye were in good agree-

ment with the hydrophylicity of the hybrids, the equilibrium

sorption capacity decreasing with the decrease of the organic

component.

CONCLUSIONS

Novel ionic organic/inorganic networks containing QAS sequen-

ces in the crosslinking bridges were obtained in this study by

the Menshutkin reaction of PDMAEM with silicone derivatives

functionalized with chloroalkyl groups. The chemical structure

of the ionic hybrids was supported by the FTIR spectra, EDX,

DSC, and thermal analysis. It was found that the properties of

the ionic hybrids strongly depended on the following parame-

ters: the concentration of components and the molar ratio

between reactants, the crosslinking agent structure, and the

presence of a catalyst. Thus, for the ionic organic–inorganic

hybrids prepared with an excess of chloroalkyl groups, the sili-

cone and chlorine contents increased, compared with the sam-

ple having the tertiary amine groups in excess. The samples

with an excess of tertiary amine groups swell at a higher level,

perhaps due to the lower crosslinking degree. These novel ionic

hybrids are pH sensitive materials due to the presence of terti-

ary amine groups besides QAS centers. DSC measurements indi-

cated a good miscibility, due to the presence of a single Tg, and

a weak exothermic transition corresponding to the Tcp and

describing a thermo-induced structural packing phenomenon.

TGA experiments indicated two sequences of thermal decompo-

sition corresponding to dehydration with QAS groups decom-

position and silicone polymer chains decomposition. The

surface areas were estimated on the basis of the BET sorption

isotherms. The presence of QAS centers and of the tertiary

amine groups endow the novel ionic hybrids with sorption

properties for anionic species, the MO being used as a model in

this work.
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