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Preparation and pyrolysis characteristics of PNIPAM grafted 

SiO2 hollow spheres loading vitamin C  

Jing Hu*a,b, Meixia Chena, Huaixiang Tiana, Weijun Denga 

Thermal-responsive poly(N-isopropyl acrylamide) grafted SiO2 hollow spheres (PSHS) were successfully prepared by 

multi-step reaction, and then PSHS was used to load vitamin C (VC). Pyrolysis characteristics, kinetic and thermodynamic 

parameters of PSHS loading VC were measured via thermograv imetric analysis (TGA). Two peaks of 193.03 °C and 

247.56 °C were obtained from DTG curve of PSHS loading VC, which were corresponding to the decomposition of the 

physically absorbed VC and bound VC molecules formed by the hydrogen bond between VC and PSHS dividedly. The 

average value of activation energy calculated by Coats-Redfern method was 78.91 kJ/mol, equal to the activation enthalpy 

(77.31 kJ/mol). The activation entropy was -82.60 J/mol·K and the activation free energy was 115.82 kJ/mol. These results 

proved that VC was encapsulated into PSHS via hydrogen bond and Van der Waals force. Finally, PSHS loading VC 

exhibited the excellent temperature controllable release property.  

Introduction 

As an essential nutrient of human body, VC has diverse 

functions including an essential role in hydroxylation 

reactions necessary for collagen formation and carnitine 

synthesis as well as the facilitation of iron absorption. In 

particular, VC has the whitening and pale spot effects due to 

their inoxidizability,1-3 anti-free radicals ability and 

inhibiting tyrosinase. However, VC is very unstable to air, 

light, moisture, heat, oxygen, metal ions and base, and easily 

decomposed into biologically inactive compounds. To make 

up for the above disadvantages, liposomes, starches, other 

biocopolymers and inorganic materials have been used to 

encapsulate VC.4-11 For instance, Stevanović et al.12 

prepared poly(DL-lactide-co-glycolide) nanospheres (110-

170 nm) and encapsulated VC in the polymer matrix. These 

nanospheres encapsulated with VC  in the physiological 

solution (0.9% sodium chloride solution) had been degraded 

within 8 weeks and fully released all the encapsulated VC. 

Comunian et al.13 reported that solid lipid microcapsules 

loading VC with the encapsulation efficiency (96.6%) were 

fabricated via microfluidic technology. After 30 days, the 

microcapsules still retained 55.89% VC at 4 °C  and 46.06% 

VC at 20 °C. Palma-Rodriguez and coworkers14 obtained the  

microcapsules of VC using rice native starch  and acid-

treated starches from rice, potato, and maize as wall 

materials via spray-drying. These starch microcapsules 

showed the excellent sustained-release property of VC over 

the storage of 4 weeks. Shen et al.15 synthesized 395 nm 

hollow silica spheres with the shell thickness of 9 nm, 

specific surface areas of 508.9 m2/g and average pore 

diameters of 8.67 nm. Then VC was encapsulated into the 

mesoporous silica hollow spheres. The release behavior of 

VC from the spheres fit first-order release model. During the 

release process, VC moved from the core through the 

mesopores of shell layer into the solution. The above-

mentioned materials released VC depending on the pores of 

the shell surface or the broken polymer wall at the special 

condition. Until now, few researches about the encapsulation 

and release of VC based on the environmental responsive 

materials have been reported.16-18 The most common 

responsive stimulus is temperature. Recently, the thermal-

responsive materials loaded with perfumes,16 fuels17 and 

functional enzymes18 was studied. Our previous study16 

reported that thermal-responsive poly(n-isopropyl 

acrylamide-co-styrene) hybrid hollow spheres were 

successfully synthesized via a one-step method and could be 

used as controllable releasing systems for fragrance 

compounds, essential oils and so on. However, there is no 

researches about thermal-responsive materials  loading VC. 

Moreover, it should be note that the kinetic and 

thermodynamics analysis of thermal-responsive materials 

loading VC via TGA have not been reported. Poly(N-

isopropylacrylamide) (PNIPAM) is the most widely used 

temperature responsive polymer.19 PNIPAM exhibits a sharp 

phase transition with the low critical solution temperature 

(LCST) at around 32 °C in water.20 Below the LCST, 

PNIPAM exists as a flexible conformation and is soluble in 

water. Above the LCST, the polymer becomes hydrophobic 
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and the chains collapse. In the present work, thermal-

responsive poly(N-isopropyl acrylamide) grafted SiO2 

hollow spheres (PSHS) was successfully prepared via multi-

step reaction and characterized by transmission electron 

microscopy (TEM), Fourier transform infrared (FTIR) 

spectroscopy and thermogravimetric analysis (TGA). Then 

PSHS was used to load and then release VC using 

temperature as the trigger. When the temperature was lower 

than LCST, VC could release from the hollow cavity of the 

PNIPAM grafted SiO2 hollow spheres and keep stable. This 

is attributed to that the molecular chains of PNIPAM would 

swell below LCST so that the nano-pores of the hollow 

spheres were open. However, at the temperature above 

LCST, VC can’t release due to the shrinkage of PNIPAM. 

TGA is a method of thermal analysis in which changes in 

physical and chemical properties of materials are measured 

as a function of increasing temperature, or as a function of 

time. Here, TGA was also used to determinate the kinetic 

and thermodynamic parameters of PSHS loading VC at the 

different heating rates. The kinetics parameters were 

obtained by Coats-Redfern method,21 Kissinger-Akahira-

Sunose (KAS) method22 and Flynn-Wall-Ozawa (FWO) 

method.23 The activation energy, pre-exponential factor, 

enthalpy, entropy and free energy of activation were 

obtained by TGA,24,25 which can be employed to estimate 

the interaction between PSHS and VC.  

Results and discussion 

Structure and micromorphology of PSHS 

Fig. 1(A) and (B), typical TEM images, show the 

micromorphology of SiO2 hollow spheres and PSHS. The 

contrast between the dark shell and the grey core indicates 

that these spheres are hollow structure. SiO2 hollow spheres 

and PSHS are homogeneous. SiO2 hollow spheres have the 

average sizes of 186 nm with a shell thickness of 8 nm. 

After PNIPAM grafted, the average diameter and shell 

thickness of PSHS increase to 196 nm and 15 nm. 

Furthermore, it should be noted that there are some “white 

plots” on the surface of SiO2 hollow spheres, while the 

surface of PSHS is more dark and compact. This result can 

demonstrate that PNIPAM had been grafted SiO2 hollow 

spheres successfully.  

Fig. 1(C) illustrates that the difference among the FTIR 

spectra of SiO2 hollow spheres, MPS modified SiO2 hollow 

spheres and PSHS. The main absorption bands of silica 

hollow spheres, Si-O-Si, Si-O bending and Si-O-Si 

stretching are revealed at 480 cm-1, 800 cm-1 and 1100 cm-1, 

respectively. Besides, the obvious absorption peak at 

1690cm-1 is shown a solvent hydroxyl stretching. For MPS 

modified silica hollow spheres, except for the characteristic 

peaks of SiO2 hollow sphere, other bands at 1700 cm-1 and 

1675 cm-1 for the stretching vibration absorptions of C=O 

and -CH=CH- groups. Compared with SiO2 hollow spheres 

and MPS modified SiO2 hollow spheres, the absorption peak 

of C=O stretching  vibration blueshifts to 1685 cm-1, and the 

absorption peak at 1549 cm-1 is assigned to the amide II 

band, which is a combination of the N-H bending and C-N 

stretching vibration of PNIPAM chain. The absorption peak 

at 1460cm-1 is attributed to CH3 bending vibration. In 

addition, the peaks at 2975 and 2940 cm-1 corresponds to the 

asymmetrical and symmetrical stretching vibrations of the 

CH2 groups, respectively. From these absorption bands, the 

surface of SiO2 hollow spheres has been successfully grafted 

with PNIPAM. 

TGA results of SiO2 hollow spheres and PSHS are 

displayed in Fig. 1(D). SiO2 hollow spheres have no 

decomposition during the heating process of the samples. 

However, PSHS has two loss stages. The first stage from 

room temperature to 320 °C is a slight weight loss (1.67%) 

for the volatilization of water on the surface and intervals of 

PSHS. The second stage (320 - 600 °C) is characterized by a 

major weight loss (14.68%), which belongs to the pyrolysis 

of PNIPAM. This demonstrates that PNIPAM is grafted 

onto the surface of SiO2 hollow spheres successfully.      

 

Thermogravimetric experiments 

Pyrolysis characteristic comparison of PSHS loading VC and 

PSHS 

 
Fig.1 Typical TEM images of SiO2 hollow spheres (A) and PSHS (B), 

Insets are the corresponding magnified images with a scale bar 

of 50 nm.  FTIR spectra (C) of  SiO2 hollow spheres (a), MPS 

modified SiO2 hollow spheres (b) and PSHS (c). TGA curves (D) of 

SiO2 hollow spheres (a) and PSHS (c). 
 

Fig. 2 displays the weight loss and the rate of weight loss curves 

of PSHS and PSHS loading VC under inert atmosphere at a 

heating rate of 10 °C/min. Compared to the pyrolysis 

characteristic of PSHS, three main stages can be distinguished 

from the TG curve of PSHS loading VC. The first stage goes 

from room temperature to 68.08 °C with a slight weight loss due 

to the desorption of water. The new second weight loss of PSHS 

loading VC from 68.08 °C to 320 °C is 23.93 %. This is 

attributed to the decomposition of VC encapsulated in PSHS. 
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Furthermore, two peaks can be observed in DTG curve of PSHS 

loading VC from 68.08 °C to 320 °C.  The first strong peak 

temperature is 193.03 °C and at this temperature the rate of 

weight loss achieves maximum value (0.32 %/°C). This 

should be ascribed to the degradation of free VC molecules 

physically absorbed in the hollow cavity of the silica spheres. 

The other shoulder peak is at 247.56 °C and the maximum 

decomposition rate of VC is only 0.11 %/°C. This reflects 

the thermal degradation of bound VC molecules formed by 

the hydrogen bonding between PSHS and VC. The third 

weight loss of PSHS loading VC (10.17 %), ranging from 320 to 

600 °C, could be ascribed to the decomposition of PNIPAM 

grafted on the SiO2 hollow spheres. During this period, the peak 

temperature shift to 398.98 °C and the maximum rate of weight 

loss decreased to 0.09 %/°C from DTG curve of PSHS loading 

VC. It is concluded that there are some interation between 

PNIPAM and VC. 

 
Fig.2 TG(a and b)-DTG(c and d) curves of PSHS (a and c) 

and PSHS loading VC (b and d). 

 

 

 
Fig.3 TG curves(a) and  DTG curves(b) of PSHS loading VC at 

different heating rates 

 
 

Effect of heating rate 

Fig. 3 shows the weight loss and the rate of weight loss 

curves obtained from the decomposition of PSHS loading 

VC at different heating rates (5, 10, 15, 20 and 30 °C/min). 

The whole curves include a strong peak corresponding to the 

decomposition of VC. It can be found that the peak shift 

towards higher temperature when the heating rate is 

increased. This is typical phenomena for all non-isothermal 

experiments. The major reason for these phenomena is that 

PSHS loading VC is a poor conductor of heating. For the 

PSHS loading VC, there is a temperature gradient 

throughout the cross-section of the spheres. At lower heating 

rate, the temperature outline down the cross-section can be 

hypothesized linear change as both the inner core and the 

outer surface of the PSHS loading VC reaches to same 

temperature at a specific time as adequate time is offered to 

heat, while there exists critical difference in temperature 

profile along the cross-section of the PSHS loading VC.26   

 

Kinetic parameters of PSHS loading VC 

In consideration of the fact that PSHS loading VC is a 

mixture composed of easily oxidized VC and PNIPAM, the 

decomposition of PSHS loading VC comprises a large 

number of reactions in parallel and in series, whereas DTG 

measures the overall weight loss rate. DTG, as a result, 

provides general information on the whole kinetic rather 

than individual reactions.  

TGA is used to measure the kinetic parameters of PSHS 

loading VC such as activation energy and Arrhenius 

frequency. The Coats-Redfern method, Kissinger-Akahira-

Sunose (KAS) method, and the Flynn-Wall-Ozawa (FWO) 

method are used to determine the pyrolysis kinetic 

parameters. 

The rate representation for the degradation or conversion, 

dα/dt, is a linear function of a temperature-dependent rata 

constant, k and a function of conversion, ƒ(α). The rate of 

conversion may be expressed by, 

(b) 

(a) 
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 ( )
d

kf
dt

α
α=                                             (1) 

( ) (1 )nf α α= −                                         (2) 

where α is the converted rate of reaction, which is defined as 

(ω0 - ω)/(ω0 - ω∞), n is the order of reaction, ω0 is the mass of 

initial sample, ω is the mass of actual sample at time t, ω∞ is 

the mass of residue at the end of the reaction, and k is the 

rate constant, which is also defined by the Arrhenius 

equation: 

exp( )
E

k A
RT

= −                                        (3)                                                                                 

where A is the pre-exponential factor, E is the activation 

energy, R is the gas constant, and T is the absolute 

temperature. 

For a linear heating rate of, say, β K·min-1: 

dT

dt
β =                                                      (4) 

By combining Eqs. (1) - (4), the reaction rate can be 

written in the form: 

exp( ) dT
( )

d A E

f RT

α
α β

= −                            (5)                                            

The integrated form of Eq. (5) is generally expressed as 

00
( ) exp( ) ( )

( )

T

T

d A E AE E
G dT P

f RT R RT

α α
α

α β β
−

= = =∫ ∫    (6)                                                                             

where G(α) is the integrated form of the conversion 

dependence function ƒ(α). Essentially the technique assumes 

that the A, ƒ(α) and E are independent of T, while A and E 

are independent of α, then Eq. (6) may be integrated to give 

the following equation in logarithmic form: 

ln ( ) ln( ) ln ln ( )
AE E

G P
R RT

α β= − +                       (7)                                                                  

Based on these equations, different kinetic methods have 

been applied in this study.   

 

Coats-Redfern method 

Coats-Redfern method is an integral method, and it involves 

the thermal degradation mechanism. Using an asymptotic 

approximation for the resolution of Eq. (7) ( 2RT << 1), the 

following equations can be concluded:                      
1

2

1 (1 )
ln[ ] ln( )

(1 n)

n AR E

T E RT

α
β

−− −
= −

−
       (for n≠1)             (8)                      

2

ln(1 )
ln[ ] ln( )

AR E

T E RT

α
β

− −
= −     (for n=1)              (9)                      

where n is the order of reaction. 

Thus a plot of either ln[(1-(1-α)1-n)/T2(1-n)] against 1/T or, 

where n=1, ln[-ln(1-α)/T2] against 1/T should result in a 

straight line of slope -E/R for correct value of n. In general, 

it is assumed that devolatilization in the kinetic analysis of 

DTG data is a first-order reaction. Therefore, the pyrolysis 

of PSHS loading VC has been regarded as a first-order 

reaction. If 2RT << 1, the activation energy and pre-

exponential factor can be obtained from the slope and 

intercept of the line, respectively. Plots of  ln[-ln(1-α)/T2]  

 

 

 
Fig.4 Plots of ln(-ln(1-α)/T

2
) vs. 1/T at different heating 

rates by Coats-Redfern method 

 

against 1/T is shown in Fig. 4. There is a good linear 

relationship between ln[-ln(1-α)/T2] and 1/T at different 

heating rates from 5°C/min to 30 °C/min. The values of 

activation energy and pre-exponential factor calculated by 

Coats-Redfern method are shown in Table 2. The whole 

plots have a high linear correlation coefficients grater than 

0.99, so the assumption on a first-order reaction is feasible. 

The apparent activation energies of PSHS loading VC are 

71.18-88.87 kJ/mol. Meanwhile, the apparent activation 

energy mainly tends to increase with the heating rates 

increased. Generally, the smaller the activation energy is, the 

more easily the reaction performs. Small activation energy 

demonstrates that VC can be decomposed from PSHS easily. 

While the high activation energy indicates that VC is 

encapsulated in PSHS firmly. This can provide an ideal model 

for the temperature-controllable release of PSHS loading VC. 

 

Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa 

(FWO) methods 

The KAS method is based on the Coats-Redfern 

approximation.16 It follows that: 

2

exp( / )
( )

( / )

E E RT
P

RT E RT

−
≈                                    (10)                                     

From relationships (7) and (10), it follows that: 

2
ln ln

( )

AR E

T EG RT

β
α

= −                                      (11)                                             

Therefore, the plots ln(β/T2) versus 1/T for a constant 

value of α should be a straight line whose slope can be used 

to evaluate the activation energy.  

The FWO method is derived from integral 

isoconversional method. Using Doyle’s approximation for 

the integral which 

allows (ln ( / ) 5.331 1.052( / ))P E RT E RT≈ − − , 27 Eq. (7) can 

be simplified as 

ln ln 5.331 1.052
( )

AE E

RG RT
β

α
= − −                    (12) 

      Therefore, for α = constant, the plots lnβ versus 1/T, 

obtained from thermograms recorded at five heating rates, 
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should be a straight line whose slope can be used to estimate 

the activation energy. Therefore, the activation energy can 

be obtained via KAS method and FWO method without the 

previous knowledge of the reaction mechanism, which is 

different from the Coats-Redfern method. 

In accordance with Eqs. (10) and (11), plots of ln(β/T2) 

against 1/T or lnβ against 1/T are shown in Fig. 5, which 

displays the representative plots for the main stage of VC 

weight loss. The activation energy of PSHS loading VC 

degradation at different conversion α can be obtained from 

the slope of line in Fig. 5. 

Table 3 shows the activation energies of the PSHS loading VC 

are 105.17-125.78 kJ/mol (by KAS method) and 108.53-128.17 

kJ/mol (by FWO method) at various conversions. Most of the 

plots have fairly high linear correlation coefficients grater than 

0.99, and the average values of  activation energy between the 

KAS and FWO methods has no significantly difference. The 

activation energies slightly varied with the degree of conversion, 

indicating that there exists a high probability for the presence of a 

single-step reaction.28. When compared the kinetic activation 

energy values obtained by KAS and FWO methods with those 

calculated by Coats-Redfern method, it can be found that the 

activation energy values by the KAS and FWO method are larger 

than those  by the Coats-Redfern method (71.18 kJ/mol to 88.87 

kJ/mol). This phenomenon is in accordance with the results of 

the previous literatures and may be caused by the applies of 

different kinetic methods.29, 30 Meanwhile, all the plots calculated 

by the Coats-Redfern method have high linear correlation 

coefficients greater than 0.99, which demonstrated that Coats-

Redfern method is suitable to investigate the pyrolysis kinetics of 

PSHS loading VC. 

 
     Fig.5 (a) Plots of lnβ vs. 1/T at different α by FWO method and (b) plots of ln(β/T

2
) vs. 1/T at different α by KAS method 

Table 2 The pyrolysis kinetic parameters of PSHS loading VC  calculated by Coats-Redfern method 

Heating rate β

°C/min  

Temperature range（°C） α（%） E（kJ/mol） A（s
-1
） R 

5 158.96-200.95 30-85 71.18 2.56 × 10
7
 -0.9967 

10 176.32-211.48 30-85 81.25 4.71 × 10
8
 -0.9991 

15 180.06-220.22 30-85 73.28 6.21 × 10
7
 -0.9981 

20 184.97-222.39 30-85 79.96 4.33 × 10
8
 -0.9976 

30 188.89-222.27 30-85 88.87 5.75 × 10
9
 -0.9993 

Average   30-85 78.91 1.35× 10
9
  

      

 

Thermodynamic parameters of PSHS loading VC 

Enthalpy of activation is a measure of the total energy of a 

thermodynamic system. The relationship among enthalpy of 

activation, activation energy and temperature can be expressed 

as Eq. (13). 

     H E RT≠ = −�                                         (13) 

△H≠ can be obtained by solving Eq. (13) 

Entropy of activation is a measure of the number of specific 

ways in which a system may be arranged, often taken to be a 

measure of disorder, confusion, and disorganization. The 

relationship among entropy of activation, pre-exponential factor 

and temperature can be expressed as Eq. (14).31 

k
= exp( )BT S

A
h R

≠∆                                                (14) 

Where h is Plank constant, kB is Boltzmann constant. 

Changing Eq. (14) gives Eq. (15) 

 ln( )
B

Ah
S R

k T

≠∆ =                                                (15) 

△S≠ can be obtained by solving Eq. (15) 

(a) 
(b) 

Page 5 of 8 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE RSC ADVANCES 

6 | RSC ADV., 2015, 00, 1-7 This journal is © The Royal Society of Chemistry 20xx 

 

 

Free energy is a thermodynamic potential that measures the 

“usefulness” or process-initiating work obtainable from a 

thermodynamic system at a constant temperature and pressure. 

The relationship among free energy of activation, enthalpy of 

activation and entropy of activation can be expressed as Eq. 

(16) 

G H T S≠ ≠ ≠∆ = ∆ − ∆                             (16) 

△G≠ can be obtained by solving Eq. (16). According to Eq. (13) 

- (16), the enthalpy of activation (△H≠) is 77.31 kJ/mol, which 

is approximately equal to the energy activation calculated by 

Coats-Redfern method. Moreover, the value of △S≠ (-82.60 

J/mol·K) decreases in the pyrolysis process of the PSHS 

loading VC. This indicates that VC has been gradually 

decomposed. The free energy of activation (△G≠) is 115.82 

kJ/mol, which illustrates that the pyrolysis process of PSHS 

loading VC is a non-spontaneous process. VC has been 

encapsulated in PSHS firmly and it can’t release from PSHS 

loading VC at the temperature above LCST.  

 

Thermal-response and controllable release of PSHS loading VC 

PNIPAM is a temperature-responsive polymer, which exhibits a 

sharp phase transition from a hydrophilic, water-swollen state 

to a hydrophobic, globular state when heated to above its lower 

critical solution temperature (LCST), about 32︒C in water. As 

shown in Fig.6(1), the mean diameter of PSHS changes sharply 

at 30︒C  in water. When the temperatures is lower than 30︒C, 

PNIPAM chains grafted on SiO2 hollow spheres are swollen to 

make the nanopores on the hollow spheres open and increase 

the average size of PSHS. At temperature above 30︒C,  

PNIPAM chains collapse to cover the nano holes. When PSHS 

is cooled to the original 22︒C, the mean size of spheres is 

reverted to their original one, indicating a reversible swelling 

and shrinking process (Fig.6, 1’).  

The controllable release properties of PSHS loading VC at 

20︒C and 50︒C have been determined as shown in Fig. 7. In 

the first 2h, the release rates of VC from PSHS at 20︒C and 

50︒C are similar due to the release of some VC molecules 

encapsulated in PNIPAM layer. Then, PSHS loading VC at 

20︒C releases sharply in the following time, and finally 

liberates 71.72% after 24h. This is attributed to that PNIPAM 

chains are swollen with opening the nanopores on PSHS. 

However, when the temperature is improved to 50︒C, the 

release of VC in PSHS slows down and then reaches the 

equilibrium (38.95% after 24h). The decrease of VC release 

rate at the high temperature should be attributed to that the 

PNIPAM chains collapse so that the tunnels on the shell of the 

hollow spheres are close. 

               

Fig.6 The hydrodynamic diameter of PSHS as a function of        Fig.7 VC release of PSHS loading VC at 20︒C and 

temperature. (1) from 22 to 50︒C, (1’) from 50 to 22︒C 50 ︒C 

 

Table 3 The pyrolysis kinetic parameters of PSHS loading VC  calculated by KAS and FWO method 

Conversion rate （%） 
KAS method FWO method 

E（kJ/mol） R E（kJ/mol） R 

30 105.17 -0.9878 108.53 -0.9882 

35 105.42 -0.9869 112.50 -0.9885 

40 117.83 -0.9899 119.23 -0.9911 

45 123.42 -0.9912 124.57 -0.9921 

50 124.62 -0.9920 125.78 -0.9929 

55 125.78 -0.9925 126.93 -0.9932 

60 125.56 -0.9922 126.76 -0.9930 
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65 125.00 -0.9910 127.80 -0.9911 

70 123.06 -0.9915 125.92 -0.9904 

75 122.44 -0.9901 127.44 -0.9921 

80 123.60 -0.9871 128.17 -0.9910 

85 125.29 -0.9895 126.74 -0.9896 

Average 120.60  123.36  

 

 

Experimental 

Materials 

Styrene (ST, ≧99.0%), tetraethoxysilane (TEOS, ≧28.4%),aqueous 

ammonia solution (28 wt%) and absolute ethanol (≧99.7%) were 

purchased from Shanghai Chemical Reagent Co. Ltd. (China). 

Methacryloxyethyl ammonium chloride (MTC, 80%), 3-

(trimethoxysilyl)propyl methacrylate (MPS, 97.0%), N-isopropyl 

acrylamide (NIPAM, 98.0%), α,α'-azodiisobutyramidine 

dihydrochloride (AIBA, ≧ 98.0%), 2,2'-Azobis(2-

methylpropionitrile) (AIBN, ≧99.8%) and poly(vinyl pyrrolidone) 

with a molecular weight of 30000 (PVP, K30) and ascorbic acid 

(AA, ≧98.0%)were supplied by Sigma-Aldrich Co. Ltd.. Deionized 

water was used throughout the experiment. All of the reagents were 

used without further purification. 

Synthesis of polystyrene (PS) 

In a typical experiment, 10 g ST, 0.1 g MTC (cationic mo 

nomer), 1. 5 g PVP (dispersing agent) and 90 g H2O were 

added sequentially into a 250 mL three-neck flask equipped 

with a mechanical stirrer, an N2 inlet, a thermometer with a 

temperature controller, a Graham condenser, and a heating 

mantle. The mixture solution was purged with bubbling 

nitrogen gas under a stirring rate of 300 rpm for 30 min at room 

temperature. After heating the solution to 70°C, the initiator of 

0.26 g AIBA aqueous solution (2.6 wt%) was added to the 

system. The mixture reacted at 70 °C under stirring for 8 h. The 

reaction product was centrifuged at 14500 rpm for 45 min, then 

redispersed in absolute ethanol and subjected to three more 

cycles of centrifugation/wash before further use. 

Synthesis of SiO2 hollow spheres 

Typically, 4.2 wt% PS absolute ethanol solution was stirred 

mechanically at a rate of 250 rpm equipped with a Graham 

condenser. This system was heated up to 50 °C, followed by the 

addition of 12.7 wt% TEOS absolute ethanol solution and 39.1 

% aqueous ammonia solution, and stirred at that temperature 

for 48 h to obtain PS@SiO2 hybrid particles. These spheres 

were treated with three more cycles of centrifugation/wash, 

then dried entirely in the oven at 80 °C and calcined at 550 °C 

for 8 h to obtain SiO2 hollow spheres.   

Synthesis of PSHS 

10 g SiO2 (1wt%) hollow spheres absolute ethanol solution, 0.8 

g MPS and 1.0 g H2O was added into a 100 mL round-bottom 

flask with magnetic stirring. Then the system was heated up to 

60°C and reacted at that temperature for 24 h. MPS modified 

SiO2 hollow spheres were prepared. PSHS were synthesized by 

radical copolymerization of MPS modified hollow silica with 

NIPAM monomers. First, 10 g MPS modified SiO2 (1 wt%) 

absolute ethanol was added into a 100 mL three-neck flask 

equipped with a mechanical stirrer, an N2 inlet, a thermometer 

with a temperature controller, a Graham condenser, and a 

heating mantle. After, the reagent mixture was purged with 

nitrogen under a stirring rate of 250 rpm for 1h at room 

temperature. Next, the system was heated up to 65°C and 

continue stirred for 0.5 h. Then, the monomer of NIPAM 

ethanol solution (3 g, 16.7 wt%) and initiator of AIBN ethanol 

solution (2 g, 1.2 wt%) were injected simultaneously into the 

reaction vessel within 0.5 h. Finally, the polymerization was 

carried out at 70 °C for 8 h. PSHS were centrifuged at 12000 

rpm for 15 min and washed several times with water to remove 

the remainders. 

PSHS loading VC and its controllable release  

Typically, 10 g/L VC aqueous solution was prepared. Then, 

0.02 g thermo-responsive PSHS and 25 mL VC aqueous 

solution were added into a 50 mL conical flask, and stirred at 

400 rpm for 24 h at room temperature. The obtained PSHS 

loading VC were centrifuged at 12000 rpm for 15 min and 

washed several times with water to remove unreacted residues. 

The thermal-responsive release of VC in PSHS was determined 

by UV-Vis-NIR absorption spectroscopy with a Hitachi U-4100 

spectrophotometer. PSHS loading VC was redispersed into 

water.  A vial containing the above solution was kept at the 

desired temperature; the aliquots of supernatant were taken at 

time intervals. Meanwhile, fresh water was supplemented into 

each sample was taken to keep the total volume of the 

suspension constant. The released quantity of VC was 

estimated based on the absorbance of the separated supernatant 

solution. Cumulative release was expressed as the released total 

percentage of VC. 

Characterization  

The chemical structures of the as-obtained products were 

analyzed by FTIR spectroscopy (VETOR-7, Bruker, Germany). 

The micromorphology and structure of the as-obtained spheres 

were observed via an H-600 electron microscope (Hitachi, 

Japan). A TGA-Q5000IR thermogravimetric analyzer (TA 

Instruments, USA) was used to investigate the kinetic pyrolysis 

characteristics. In each experiment, about 5 mg of samples were 

spread uniformly on the bottom of the ceramic crucible of the 

thermal analyzer. The pyrolysis experiments were performed at 

heating rates of 5, 10, 15, 20 and 30 °C/min in a dynamic high 

purity nitrogen flow of 20 ml/min. The temperature of the 
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furnace was programmed to rise from room temperature to 600 

°C. 

Conclusions 

Thermal-responsive PNIPAM grafted SiO2 hollow spheres 

(PSHS) were successfully prepared by multi-step reaction, and 

applied to load VC in an aqueous solution directly. TEM 

indicated that the shell thickness of PSHS increased by 6.79 nm 

after the copolymerization of PNIPAM. FTIR spectroscopy 

illustrated that PNIPAM was grafted onto the surface of SiO2. 

TGA was used to determinate kinetic and thermodynamic 

parameters of PSHS loading VC at different heating rates. 

Coats-Redfern method was suitable to investigate the pyrolysis 

kinetics of PSHS loading VC. The apparent activation energy 

mainly tends to increase with the heating rates increased. The 

average values of activation energy by Coats-Redfern method 

were 78.91 kJ/mol, which was equal to the enthalpy of 

activation (77.31 kJ/mol). The entropy of activation was -82.60 

J/mol·K and the free energy of activation was 115.82 kJ/mol. 

This proved that VC was encapsulated into PSHS firmly and 

the interaction between VC and PSHS could be ascribed to the  

non-covalent interactions including hydrogen bond and Van der 

Waals force. Finally, PSHS loading VC at 20︒C released 

71.72% after 24h, but during this period PSHS loading VC only 

liberated 38.95% at 50︒C. The study of pyrolysis 

characteristics, kinetics and thermodynamic parameters 

provides a novel method to study the interaction mechanism 

between VC and thermal reponsive encapsulated materials.   
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