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Temperature 

Feng Chen*a,b, Xiaoping Jianga, Tairong Kuangb,c, Lingqian Changb,  Dajiong 

Fub,c, Jintao Yanga, Ping Fana and Mingqiang Zhong*a 

Mesoporous silica nanoparticles have been widely adopted in energy, biology and medicine 

due to their well-ordered and stable structures. Nevertheless, rare attempts were previously 

applied to study these materials as a sensing tool. We here report a “smart” sensor for dual-

detection of pH value and temperature, which was implemented with environmentally 

responsive polyelectrolyte/mesoporous silica electrodes. Using SBA-15 silica as the 

framework, we functionalized the internal mesopores with DMAMEA monomer via surface-

initiated RAFT polymerization (“grafting-from” method). By controlling the degree of 

polymerization, pore size and specific surface area can be precisely controlled. When the 

degree of polymerization is optimized to 75, the hybrid material showed significant sensitivity 

in response to pH value in the range of 4 to 10, optimally responsed the temperature at 39 oC 

setting a pH value of 10. The ionic conductivities of template Fe(CN)6
4-/3- and Ru(NH3)6

2+/3+ 

ions were switchable in different conditions. These results suggested that the 

polyelectrolyte/mesoporous silica hybrid materials could find a promising potential for the 

application of dual-functional sensors for environmental detection. 

 

1 Introduction 

The design, synthesis, and operation of functional interfaces with 
switchable properties are important in the fields of materials science 
and nanotechnology. For instance, bioelectricity caused by ions 
passing through protein ion channels on cyto-membrane is an 
intrinsic mechanism of nature, which exploits fixed charges in the 
membrane to generate differential permeabilities.1-5 Design of biotic 
analogues for ion translocation through nanochannels illuminates a 
fascinating theme in recent years, i.e. the implementation of ionic 
circuits for sensing, switching and amplifying the chemical identities 
from aqueous environment.6-10 So far, most mechanisms of ion 
conduction in synthetic pores and channels are based on the notion 
that an “open” and “closed” state of the channel, which depends on 
the change of physicochemical environment across the channel.11,12 
  Currently, polymers are widely used in various areas due to their 
broad range of properties,13,14 and polymer-inorganic mesoporous 
hybrid film offers excellent platforms for realizing the biologically 
inspired concepts, with advanced materials and ‘active’ 
nanosystems.15,16 The versatile approach was inclined more towards 
‘smart’ materials with responsive interface such as surface charge, 
gelatin and selective ion permselectivity.15,17 In these materials, 
mesporous films are used as structural unit while the surface-grafted 
polymers as functional responsive unit.18,19 Thereby, the 
functionalization strategy, such as ‘grafting-to’ by covalent or 
electrostatic binding, or ‘grafting-from’ by using surface initiated 
polymerization methods, might result in different functional 
densities on planar surfaces.20-24 For mesoporous films, the 
incorporation of polymer brushes into the mesopores enables a better 

control over the density of functional groups incorporated in the 
pores as well as endows the mesoporous scaffold with built-in 
responses to various chemical stimuli.11,12,16,25-29 The infiltration of 
polyelectrolytes into mesoporous silica, a key factor in ‘grafting-to’ 
approaches, has been extensively explored by Caruso and 
collaborators, and subsequently exploited to build up mesoporous 
polymer-based spheres for delivery purposes.30-32 
  Concerning ‘grafting-from’ strategies for mesoporous matrices, 
only few surface-initiated polymerization techniques, mainly free 
radical, or controlled radical polymerization, are frequently used for 
grafting from polymerization in mesopores.33-36 Although high 
grafting densities allow access to stimuli-responsive polymer 
brushes or many important applications, the characterization of 
polymers obtained by this method is more challenging compared to 
the so-called ‘grafting-to’ approach.17,37,38 So far polymers 
responsive to pH, or ionic permselectivity, were investigated as 
internal trigger in mesoporous silica.11,12,28,34,37 Specifically, poly(2-
(diethylamino)ethyl methacrylate) (PDEAEMA), which has a pKa 
around 7.4, has been widely used as a pH and temperature dual 
responsive polymer,38-44 and the pH and temperature critical points 
of PDMAEMA hydrogels are different for various systems, because 
they are affected by each other and other external factors.42 

PDMAEMA can now be synthesized with an excellent control on the 
chemical composition and molecular weight via living radical 
polymerization techniques such as atom transfer radical 
polymerization (ATRP)43,44 and reversible addition-fragmentation 
chain transfer (RAFT) polymerization.39,45,46 For several 
applications, PDMAEMA-based materials were explored such as the 
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creation of a hydrophobic/hydrophilic surface,47 for the complexion 
with DNA,48 and in pH responsive micellar systems for drug 
encapsulation and release.49 Nevertheless, it is still a challenge to 
find facile methods for fabrication of biocompatible, high 
environmental resistance, and highly efficient materials with dual-
responsive properties. Furthermore, it is essential for fabricating 
nano-scale polymeric layers in such restricted mesopores (< 10 nm), 
to understanding the relationship between functionalized mesopores 
and responsive sensibility. 
  Here, we report the functionalization of an ordered mesoporous 
silica film with pH and temperature dual responsive PDMAEMA.  
Our strategy started from the grafting of RAFT initiator, 2-(dodecyl 
thiocarbonothioylthio)-2-methyl propionic acid (DDMAT) by 
utilizing the hydroxyl groups on the interface. Surface-initiated 
reversible addition-fragmentation chain transfer (SI-RAFT) 
polymerization was carried out to graft the double-stimuli responsive 
polymer, PDMAEMA, from the mesoporous silica surface, as 
illustrated in Scheme 1. Both methods and polymers were compared 
in terms of functionalization and ionic permselectivity, and a clear 
influence of the functionalization strategy on ionic permselectivity 
was observed. By taking advantage of the responses of the 
PDMAEMA to environmental stimuli, the pore features can be well-
defined by stretching and recoiling of the PDMAEMA brushes 
because of their adjustable chain conformations in response to 
temperature and/or pH value. 

 
Scheme 1. The synthesis process of the PDMAEMA-functionalized 
mesoporous silica. 

2 Materials and Methods 

2.1 Materials 

(3-Aminopropyl)triethoxysilane (APTES),4,4'-azobis(4-cyanovaleric 
acid) (ACVA), hexaammine ruthenium (II/III) chloride, potassium 
ferricyanide, potassium hexacyanoferrate (II), n-pentane were 
purchased from Aladdin Co. China. N-ethyl-N'-(3-dimethyl 
aminopropyl)carbodiimide hydrochloride (EDC), N-hydroxy 
succinimide (NHS), 2-(dimethyl amino)ethyl methacrylate 
(DMAEMA) were purchased from Sigma Aldrich, USA. N,N’-
dimethyl formamide (DMF), chloropotassuril (KCl), sodium 
hydroxide (NaOH), hydrochloric acid (HCl, 37% aqueous solution), 
hydrofluoric acid (HF, 10% aqueous solution), toluene and absolute 
ethanol were purchased from Sinopharm Chemical Reagent Co. 
China. Mesoporous silica (SBA-15, the average pore diameter is 8 
nm) was purchased from XFNANO Materials Tech Co., china. 2-
(Dodecyl thiocarbonothioylthio)-2-methyl propionic acid (DDMAT) 
was carried out as reported in the literatures.50,51 All other materials 
were used as received unless the DMAEMA monomer was 
distilledat reduced pressure, to remove the inhibitor. Deionized water 
was taken from a Milli-Q purification system. 

2.2 Synthetic procedure 

Synthesis of NH2-functionalized SBA-15  

The amine functionalized SBA-15 was prepared similar to the 
method described in the literatures.52,53 To a suspension of SBA-15 
(3 g) in 30 mL of dry toluene, APTES (12 mL) was dissolved in 30 
mL dry toluene was added dropwise, after stirring for 30 min at 
ambient temperature, refluxed 24 h at oil bath in 80 oC. Until the 
completion of reaction, the mixture was filtered, rinsed with toluene 
and n-pentane repeatedly, air-dried at 50 oC overnight, and then 
white powder (NH2-SBA-15) was obtained. 

Synthesis of RAFT-functionalized SBA-15 

The NH2-SBA-15 (2 g) was dispersed into water (30 mL) under 
ultrasonic and the pH value was adjusted to 5. After 20 min, EDC 
(0.88 g) and NHS (0.53 g) mixed with DDMAT/DMSO were 
dissolved in above aqueous solution and stirred at ambient 
temperature for half hours. Finally, the mixture was stirred 
vigorously at 30 oC for 24 h. Then thesolid products were separated 
by centrifugation at 4500 rpm for 15 min was washed sequentially 
by methanol and deionized water. This resulting material is referred 
to as RAFT-SBA-15. 

Modification of RAFT-SBA-15 with PDMAEMA 

ACVA (0.0023 g) and RAFT-SBA-15 (0.2 g) (the molar ratio 
ACVA to DDMAT is 1/5) dissolved in ethanol. After ultrasonic 
dispersing for 0.5 h, DMAEMA (set various degree of 
polymerization (DPn) with 25, 50, 75 and 100) was added to the 
mixture, following a vigorous stir at 70 oC for 24 h and degassing 
with nitrogen for 1 h at room temperature. The mixture stopped by 
quenching in ice water and was washed several times with ethanol to 
remove the residue. Finally, the obtained yellow powder 
(PDMAEMA-SBA-15) was dried at 60 oC overnight and for further 
use. 

2.3 Characterizations 

Transmission electronmicroscopy (TEM) images were recorded 
on a CM 200FEG transmission electron microscope operated at 
200 keV. Fourier transform infrared spectroscopy (FTIR) spectra 
were acquired at room temperature using a Nicolet 6700 
spectrometer with a resolution of 4 cm−1 and scanning range from 
4000 to 400 cm−1. Thermogravimetric analysis (TG) was 
performed using SDTQ600 (TA, USA) and experiments were 
carried out under dry nitrogen purge at aflow rate of 10 mL/min 
fromroom temperature to 800 °C at 10 °C/min. N2 adsorption/ 

desorption isotherms was carried out on a ASAT 2020M+ 
Capparatus, from which the BET surface area, the pore volume, and 
the pore size distributions were obtained based on the BJH model. 
Small-angle X-ray diffraction (SAXD) measurements were 
recorded on a RigakuD/MAX-2550 diffractometer, using Cu Kα 
radiation (λ=1.54Å). Gel Permeation Chromatography (GPC) 
measurements were performed on Waters 1525 with a differential 
refractive index (RI) detector at 85 °C. Styragel HR 1 and HR 4 
were tandem for high-resolution columns, in a weight range of 100-
600,000. DMF was used as eluent and a flow rate of 1 mL min-1, 
adding 0.05 m LiBr for eliminating the hydrogen bond. Molecular 
weight and molecularweight distribution of the samples were 
calibrated with poly(methyl methacrylate) standards. To prepare 
GPC samples, the PDMAEMA-SBA-15 hybrid materials were 
dissolved in ethanol/HF (90/10) solution, and then the polymers 
were precipitated and separated. An RST4800 (Suzhou RST Co. 
China) electrochemical work station was used for all electrochemical 
measurements.54 Electrochemical impedance spectroscopy (EIS) 
and Cyclic Voltammetry (CV) was conducted in 100 mM KCl 
solution as supporting electrolyte, the Fe(CN)6

4-/3- or Ru(NH3)6
2+/3+ 

as redox probe diffusing across the mesoporous film to studied 
quantitative variations in ion permselectivity following the change of 
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electrical signals. The pH value was adjusted with NaOH or HCl 
solution. The measured electrode area was 2 cm2. Three-electrode 
cell system was used and SCE (Hg/Hg2Cl2) as the reference, 
platinum plate as the counter, the carbon electrode casted by various 
mesoporous silica films with the same quality as the working 
electrode, respectively. 

3 Results and discussion 

3.1 Morphological and structural characterization of 

hybridmaterials 

As described in the synthetic procedure, the modification strategy of 
SBA-15 involves three key steps (shown in Scheme 1).The surface 
hydroxyl groups were first reacted with the ethoxy groups of APTES, 
after then the amino groups were reacted with carboxyl groups in 
DDMAT to anchor RAFT agent on the NH2-SBA-15 wall surface. 
Finally, DMAEMA monomer was reacted with modified SBA-15 
materials. 
  The FTIR spectra are employed to verifying the presence of 
chemical groups in SBA-15, NH2-SBA-15, RAFT-SBA-15 and 
PDMAEMA-SBA-15 samples. The respective FTIR curves were 
presented in Figure 1. FTIR spectrum of pure mesoporous silica 
revealed at around 3430cm-1 corresponding to the O-H stretching 
bands of surface silanols bonds, the typical asymmetric vibration 
peak Si-O-Si 1085 cm-1, 804 cm-1and Si-OH vibration at 972 cm-1 
are noted. Amino-modification of SBA-15 is confirmed by 
absorption peak 1560 cm-1of NH2 on the surface of SBA-15 (Figure 
1b), What is more, peaks for silanols disappear indicating the 
attachment of APTES to the mesoporous silica surface successfully. 
In addition, the appearance of a absorption new peak in case of 
RAFT-SBA-15 at 2925 cm-1, 2850 cm-1as the presence of -CH3 and -
CH2, 1650 cm-1 are related to C=O groups55 that implies the 
existence of RAFT agent of mesoporous silica surface. Ester C=O 
absorption peak1730 cm-1 and the intensities of -CH3 and -CH2 

vibration at 2925 cm-1, 2850 cm-1 increase considerably and further 
indicate the immobilization of DEAEMA on mesoporous silica 
materials surface. 

 
Figure 1. FTIR spectra of SBA-15 (a), NH2-SBA-15(b), RAFT-
SBA-15 (c) and PDMAEMA -SBA-15 (d). 
  TEM images of SBA-15 and PDEAEMA functionalized SBA-15 
are presented in Figure 1. Noticeably, SBA-15 (Figure 2a and b) 
have parallel pore wall, uniform pore size and average diameter of 
about 8 nm. In contrast, the parallel stripes or arcs in PDEAEMA 
functionalized SBA-15 indicate that polymerization of DEAEMA do 
not destroy the mesoporous structure of the nanoparticles. 
Meanwhile, the exterior surface of the silica nanoparticles was 
obviously coarser, as shown in Figure 2c and d. To some extent, it 
also suggests that the PDEAEMA successfully grafted to the inner 
porewall of SBA-15 mesoporous nanoparticles. 

  N2 adsorption/desorption isotherms with the corresponding pore-
size distribution of the mesoporous hybrid materials are shown in 
Figure 3.  Nitrogen adsorption/desorption isotherms for all samples 
show type IV pattern according to the IUPAC classification, with 
well-defined capillary condensation step and exhibit obvious H1 
hysteresis loops in the partial pressure range of 0.4 to 0.8, which are 
attributed to the presence of mesopores in the obtained 
functionalized SBA-15. So it is confirmed that the modification of 
SBA-15 successively with APTES, DDMAT and DMAEMA can 
still retained the original hexagonal mesoporous structure of this 
material. Structural properties of the various mesoporous samples, 
calculated from the adsorption/desorption isotherm by using the 
Barrett-Joyner-Halenda (BJH) method, are summarized in Table 1. 
All samples show good uniformity, with narrow pore size 
distribution from 7.86 to 4.62 nm. The decreases in the pore size 
values, surface area and pore volume also demonstrate the successful 
immobilization of all organic groups in the mesopores channel of the 
SBA-15. 

 
Figure 2. TEM images of the SBA-15 (a and b) and PDEAEMA 
functionalized SBA-15 (c and d). scale bar: a & c, 50 nm; b & d, 20 
nm. 

 

Figure 3. Adsorption/desorption isotherm and pore size distribution 
curves for various PDMAEMA-modified mesoporous silica. 
Table 1. Structural properties of mesoporous hybrid materials and 
the SBA-15 support characterized by N2 adsorption/desorption 
analysis. 

DPn 
Average Pore 
Diameter (nm) 

Surface Area 
(m2/g) 

Pore Volume 
(cm3/g) 

0 7.86 513.10 0.87 
25 7.13 403.17 0.63 
50 6.11 297.60 0.52 
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75 5.34 242.94 0.45 
100 4.62 182.45 0.29 

    Figure 4 shows the powder X-ray diffraction patterns in different 
DPn values (25, 50, 75 and 100, respectively). Three reflection peaks 
of samples (2θ =1.0o, 1.7o and 2.0o), are attributed to (100), (110), 
and (200) porewall orientation, respectively, indicating that the good 
mesoscopic order and two-dimensional hexagonal structures of 
SBA-15 are maintained after RAFT polymerization, compared to the 
parent SBA-15 support. Moreover, from the XRD patterns SBA-15, 
with or without modification, strong decrease peak intensity is 
observed with the increase of DPn as compared to SBA-15 
materials, this means that the mesopores ordering decreased with 
reacted with other organic groups. The peak pattern, however, 
remains intact, illustrating the grafting of the organic occurs mainly 
inside the mesopores channels. 

 
Figure 4. XRD patterns of mesoporous hybrid materials and the 
SBA-15 support. 
  Thermogravimetric analysis of the functionalized mesoporous silica 
was conducted from 20 to 800 °C under nitrogen and TG profiles 
shown in Figure 5.  The pure mesoporous silica SBA-15 has 7.98% 
weight loss at temperature of to 800 °C, attributed to the loss of 
surface decomposition of silanols groups and small amount of 
adsorbed water. In the case of NH2-SBA-15 and RAFT-SBA-15, the 
weight loss is 13.06 and 16.57 wt%, respectively, due to the 
decomposition of little functionalized organic matter (base APTES 
and DDMAT). Since the DMAEMA is grafted onto the surface of 
the mesoporous materials, the weight loss rises sharply to 30.18% 
(sample with 100 DPn). The phenomenon implies that the 
DMAEMA monomers have the polymerization reaction successfully 
again. 

 
Figure 5. TGA curves of SBA-15, NH2-SBA-15, RAFT-SBA-15 
and PDMAEMA -SBA-15 (100 DPn) samples. 

  GPC analysis of functionalized SBA-15 products with different 
DPn shown in figure 6 and the analysis results for all materials are 
shown in Table 2 along with the polydispersity (PDI). As shown in 
Figure 6 and Table 2, the grafted polymers have approximate 
molecular weight with theory DPn of 25, 50, 75 and 100. 
Meanwhile, PDMAEMA have a very narrow molecular weight 
distribution more than 1.16, which follow the unique law of RAFT 
polymerization. In a conclusion, the RAFT polymerization can be 
successfully surface-initiated from the porewall of mesoporous 
silica. As a result, the PDMAEMA-grafted mesoporous silica 
composites were synthesized. The pore size was easily adjusted as 
the DPn of grafted polymer was exactly controlled. Particularly, it is 
very interesting in the relationship between the thickness of graft 
polymer and electrochemical property. 

 
Figure 6. GPC traces of PDMAEMA brushes separated from 
various mesoporous hybrid materials. 
Table 2.GPC characterization results of PDMAEMA brushes at 
different degree of polymerization (DPn). 

DPn 
Mn 

(theory) 
Mn 

(GPC) 
Mw/Mn 
(PDI) 

Retention 
Time (min) 

25 3930 4020 1.06 16.3 
50 7861 8000 1.12 15.5 
75 11791 11300 1.11 14.8 

100 17686 16000 1.10 13.5 

3.2. Electrochemical measurement 

Observing the PDMAEMA polymer is sensitive to pH and thermal 
change, we fabricated a sensor by drop-coating the mesoporous 
silica composites film on a carbon electrode, with the protocol 
showed in the literature.56,57 The sensor was characterized using 
electrochemical impedance spectroscopy (EIS) in a 100mM KCl 
solution. The EIS measured through three-electrode cell system58 to 
obtained mesoporous films bulk resistance (Rb), which can 
calculated the ionic conductivity through the mesoporous channels 
following the equations: 

b

1
=

D

R S
γ ×  

Where γ is the mesoporous films ionic conductivity, Rb is the 
mesoporous film’s bulk resistance, D is the thickness of carbon 
working electrode, and S is the area of coated modified mesoporous 
films. 
   Figure 7a showed that the ionic conductivity of the produced 
sensor significantly dropped with the increase of pH, in the range of 
4 to 10. At DPn 25, no obvious sensitivity was observed, which 
might result from the few polymers grafted on the inner wall of the 
pores where ions move freely. When DPn increases to 50, 
mesoporous film just have slightly responsiveness. Particularly, 
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when DPn reaches 75, mesoporous film exhibited significantly 
sensitive and ionic conductivity alter rapidly between 7 and 8, which 
in accord with previous reported (PDMAEMA pKa= 7.4),41,48 
reflecting the controllability to pH of the mesoporous film in some 
way. However, at DPn 100, the excess grafting polymer inner wall 
mesoporous caused film pore blocking and ions cannot through 
smoothly. This is can explain that why ionic conductivity remaining 
constant at DPn 100. 

 
Figure 7. The ionic conductivity of mesoporous hybrid materials (a) 
as a function of pH at room temperature and (b) as a function of 
temperature at pH 10. 
  It is well-known that the environmental response of the 
PDMAEMA is a typical LCST behaviour; the variation on the 
PDMAEMA chain conformation is strongly dependent upon 
temperature and the corresponding pH value in aqueous solution; for 
example, the LCST at pH 2 is above 85 oC, at pH 7 is around 65 oC, 
and is below 35 oC, once the pH raises to 11.59,60 At low pH, 
PDMAEMA can be protonated and ionized in aqueous solution with 
grafted polymer swelling perfectly show the strong hydrophilicity, 
and no LCST is detected under 50 oC. That is the consequence of 
hydrophobic (dedicated to the isopropyl groups) and hydrophilic 
(dedicated to the tertiary amine groups). As increasing pH, the 
swelling ratio decreases rapidly will shift towards a little hydrophilic 
nature. Until pH 8, polymer chains intertwining and congregating 
inside pore wall of mesoporous silica gradually show the LCST at 
the macro level. When pH≥10, polymer chains aggregation 
completely. In these conditions, mesoporous response films relates 
exclusively to temperature, and not to pH. Former work in Müller’s 
group compared the LCST behaviour of linear and star-shaped 
PDMAEMA depending on molecular weight, concentration, and 
pH.59,60 In biological channels, the mainly biochemical reactions are 
triggered between 30 to 50 oC. Here, the LCST for a graft 
PDMAEMA with a DPn 100 was determined 39 oC at pH 10. 
Therefore, we choose the typical point pH 10 to investigating the 
changed of mesoporous film’s ionic conductivity following Rb. 
  As presented in Figure 7b, it is obvious that ionic conductivity 
shifts suddenly around 40 oC under the specified conditions to 
demonstrate clearly the temperature responsive of functionalized 
mesoporous films. When increased DPn from 25 to 100, the LCST 
decreased slightly from 40 to 39 oC. It is attributed to the effect of 
total deprotonization, resulting in the recoil of the examined 
PDMAEMA brushes; consequently, this provides the obviously 
increment of the ionic conductivity. For the case reported here, no 
difference could be seen between the phase transition temperatures 
(LCST) compared to linear PDMAEMA homopolymer. Note that 
the situation for a polymer brush confined on the pore surface. These 
results inspired us to use the mesoporous films to control the 
electrochemical switchable property by switching solution pH or 
temperature. 
  To investigate the ionic transport properties of the hybrid interfacial 
assemblies, the diffusion of charged species through mesoporous 
films supported on electrode was electrochemically probed by CV 
using Fe(CN)6

4-/3- as a anionic redox probe and Ru(NH3)6
2+/3+ as a 

cationic redox probe, respectively. The proton concentration acts as 
an accurate chemical parameter responsible for setting different 
electrostatic conditions in the pore. As is well-known, the emergence 

of permselectivity effects or ionic gating requires the presence of 
surface charges on the mesopore walls. At pH < pKa the dominant 
species in the brush are fully protonated DMAEMA ammonium salt.  
  Figure 8 comparatively displays the CV curves of PDMAEMA-
grafted (DPn=75) SBA-15 hybrid electrode in the presence of 1 mM 
Ru(NH3)6

3+ (Figure 8a and b) and Fe(CN)6
3−  (Figure 8c and d) at 

different pH and temperature by employing 0.1 M KCl as the 
supporting electrolyte. The electrochemical data reveals that the 
fully protonated pore behaves as an open gate enabling the free 
diffusion of anionic and cationic species through the film. Changes 
in the voltammetric response of mesoporous electrodes reflect the 
changes in probe concentration or diffusion due to the architecture or 
electrostatic environment of the pores. It is observed that increasing 
pH above pKa (7.4) has a significant effect on the transport 
properties of the mesoporous film. In a 30 oC solution, the 
electrochemical current of Fe(CN)6

3−  decreased from 37 to 11 
µA/cm2, whereas the current of Ru(NH3)6

3+ increased from 15 to 138 
µA/cm2. The generation of DMAEMA anionic units in the 
mesoporous films enhanced the voltammetric signal of Ru(NH3)6

3+ 
ions dissolved in the electrolyte solution. Hence, increasing pH from 
4 to 10 increased the ratio of electrochemical currents of cationic 
(IRu) and anionic (IFe) redox probes from 0.4 to 12.5 as a result of the 
combination of permselective exclusion of anionic probes and 
preconcentration of cationic probes.11,12,28 

 

 
Figure 8. Comparative cyclic voltammograms displaying the 
molecular transport through PDEAEMA-functionalized mesoporous 
thin films as functions of pH and temperature using (a-b) 
Ru(NH3)6

2+/3+ as a cationic redox probe and (c-d) Fe(CN)6
4-/3- as an 

anionic redox probe. Scan rate: 200 mV/s. Electrolyte: 1 mM redox 
probe + 100mMKCl under different pH conditions (pH 4 and pH 10) 
and temperature conditions (30 oC and 50 oC). The DPn of 
PDMAEMA brush is selected as 75. 
  As expected, further increasing temperature above LCST (39 oC) 
evidenced a more pronounced gating response of the interfacial 
assembly because PDMAEMA brushes were fully deprotonated, and 
the freely mobile expanded chains collapse inside the pores. At pH= 
10 in a 50 oC solution, a well-defined electrochemical response of 
Ru(NH3)6

3+ ions was observed (172 µA/cm2), whereas similar 
experiments performed in the presence of Fe(CN)6

3- revealed that the 
electron transfer at the underlying mesoporous film was strongly 
hindered (14 µA/cm2). This can be ascribed to the fact that the fully 
charged anionic DMAEMA units completely exclude the anionic 
probes from the inner surroundings of the inorganic film. As an 
outcome of the interplay between preconcentration and exclusion 
effects, thus revealing that the pH induced generation of charges in 
the mesopores plays a critical role in the modulation of the gating 
properties, and the temperature-induced gelation can consolidate this 
“gate” switchable state. Due to the higher LSCT of PDMAEMA at 
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pH< 8, the PDMAEMA chains have no phase separation behaviour 
at pH 4, when environmental temperature is mutative in the range of 
30 to 50 oC; consequentially, neither cationic nor anionic probe 
exhibit a remarkable increment of ionic conductivity.  

4 Conclusions 

In summary, we successfully prepared double stimuli-responsive 
mesoporous silica hybrids via the SI-RAFT method from a 
PDMAEMA polymer. The structures exhibit well-controlled 
polymer molecular weight and homogeneous covering of the 
brushes, forming a biomimetic smart ionic channel with high 
potential for versatile applications. The ionic conductivity of serial 
PDMAEMA-grafted silica suggests that a desirable degree of 
polymerization is of proposition in 75. The variations on the CV 
profiles give clear evidence for the conformational changes of 
PDMAEMA driven by varying the pH and temperature. In the case 
of pH, the electrostatic characteristics of environments arising from 
the protonation state of tertiary amine groups are responsible for 
tuning the ionic transport of anionic and cationic redox probes across 
the mesoporous framework over a wide range of pH values. 
Increasing pH from 4 to 10 led to a significant increase in (anion) 
permselectivity and (cation) preconcentration, thus reflecting the 
ability of the PDMAEMA brush-modified mesopores to act as a 
selective “electrostatic nanovalve” precluding and boosting the 
anionic and cationic transport, respectively.61-63 On the other hand, 
the gelation of PDMAEMA brushes above LCST (39 oC at DPn 75) 
also allowed the generation of gate-like hybrid ensembles. Our 
results demonstrate that the hybrid interface at pH 10 reversibly 
switches from low to high cationic conductance states depending on 
the totally collapsed conformation of PDMAEMA brushes in the 
mesopores. Hence, at high pH values, PDMAEMA-modified pores 
are strongly permselective precluding the transport of anionic 
probes. Because of the environment selective conformational 
behaviour, the as-designed system can give the potential for being a 
versatile double-stimuli-responsive nanoreactor, such as controlled 
release, nanoscale filter, environmental sensor, and biomimetic 
on/off gate. 
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