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Abstract The nanosilica is first treated with 3-mercaptopropyl trimethoxysilane

(MPTMS) to introduce mercapto groups as growth points, and then hyperbranched

polymer is grafted on the nanosilica surface via repeated step of thiol-ene click

reaction between the acrylate double bond of trimethylolpropane triacrylate

(TMPTA) and mercapto groups of trimethylolpropane tris 3-mercaptopropionate

(Trithiol). FTIR results confirm that the grafting procedure is feasible, and TGA

results indicate the grafting ratio is as high as 45.0 %. The curing kinetic, monitored

by photo-DSC, shows that both terminal acrylate double bonds and mercapto groups

can accelerate the curing speed of the UV-curing organic–inorganic hybrid coatings.

The mechanical and physical properties of UV-curable hybrid coatings containing

modified nanosilica at different generations are also investigated.

Keywords Hyperbranched polymer � Nanosilica � UV curing � Thiol-ene � Surface
modification

Introduction

Nanosilica plays an important role in UV-curable organic–inorganic hybrid coatings

due to its special physical and chemical properties [1–3]. However, nanosilica is

easy to aggregate and difficult to disperse in solvent and polymer matrix because of

its high specific surface area and large amount of silanol, therefore, it is necessary to
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modify its surface prior to use in the UV-curable coatings. Grafting polymers onto

nanosilica surface is one of the effective methods to improve the surface properties,

and the grafted polymers claim on the surface interfere with the aggregation of these

particles and increase the affinity of the surface for solvent and polymer matrix [4–

6]. In recent years, preparation and application of nanosilica modified by polymers

in UV-curable coatings has become an attractive field [7–9], especially the polymers

with the terminal acrylate groups. Our previous works demonstrated that incorpo-

ration of nanosilica modified by acrylate polymers with tertiary structure is capable

of increasing the curing speed and improving the mechanical properties of UV-

cured films [10, 11]. Mori et al. have grafted hyperbranched (meth)acrylates onto

nanosilica surface by one-step self-condensing atom transfer radical polymerization,

the differences between linear polymer brush, the branched and the hyperbranched

polymers are compared, and the feasibility of controlling the surface chemical

functionalities is suggested [12].

Besides the polymerizable acrylate group grafted onto the nanosilica surface, the

mercapto group is another potential functional group to graft onto the nanosilica

surface for UV-curable coatings. The mercapto groups can not only reduce oxygen

inhibition during UV-curable process, but also carry many other attributes for UV-

curable materials; including inherently rapid reaction rate, low polymerization

shrinkage, free-photoinitiator polymerization and formation of homogeneous

polymer structure [13–16]. Nevertheless, low molecular thiol or linear polymer

was grafted onto the nanosilica surface in the previous studies [17], and

hyperbranched polymers with terminal mercapto groups grafted onto nanosilcia

surface are yet to be explored. Recently, the thiol-ene click reaction was widely

used in preparing polymers. It is anticipated that the hyperbranched polymer grafted

from the nanosilica surface by thiol-ene click reaction might be feasible, and the

synergistic effect of mercapto groups and nanosilica can be realized in UV-curable

coatings. It can not only improve the dispersion of nanosilica, reduce the oxygen

inhibition during UV-curing process, but also reduce the migration of small

molecule thiol after UV curing.

In this work, the nanosilica is treated with 3-mercaptopropyl trimethoxysilane

(MPTMS) to introduce mercapto groups as the growth points on the surface, and

then hyperbranched polymers is grafted onto nanosilica surface by a repeated thiol-

ene click reaction between trimethylolpropane triacrylate (TMPTA) and trimethy-

lolpropane tris 3-mercaptopropionate (Trithol). The preparation scheme is shown in

Fig. 1. The structure, grafting efficiency, particle size distribution of nanosilica at

different generations are investigated, respectively, and their influences on the

properties of UV-curable coatings are also investigated.

Experimental

Materials

Nanosilica powder with an average particle size of 20–50 nm and silanol group

content of 1.9 mmol/g was obtained from Zhejiang Hongsheng Materials Co.,
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China. Prior to usage, the nanosilica was dried in an oven at 120 �C under vacuum

for 24 h to get rid of the physically adsorbed water. 3-Mercaptopropyl

trimethoxysilane (MPTMS) and trimethylolpropane tris 3-mercaptopropionate

(Trithiol) were purchased from Sigma Chemical Co.

Epoxy acrylate (EA) with double functionality, tripropylene glycol diacrylate

(TPGDA) and trimethylolpropane triacrylate (TMPTA) is provided by UCB

chemicals. 2,4,6-Trimethyl benzoyl diphenylphosphine oxide (TPO) from Ciba-

Geigy is used as a free-radical photoinitiator. All other chemicals are analytical pure

reagents (AR) and are used as received without further treatment.

Grafting mercapto groups onto nanosilica surface

Ten grams of nanosilica (called as SiO2-0th) was dispersed in 150 mL anhydrous

toluene under mechanical stirring and ultrasonic dispersing for 30 min. The mixture

was stirred at 300 rpm for a further 1 h, and then added into another prepared

mixture consisting of 10 mL water, 10 mL anhydrous ethanol, 2 mL formic acid (as

pH adjuster) and 75 mL MPTMS under vigorously stirring. The detailed preparation
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Fig. 1 Scheme for the grafting hyperbranched polymer onto the nanosilica surface
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is carried out according to our previous work [18]. After continuously stirring for

4 h at the reflux temperature, the obtained suspension was separated by centrifu-

gation. After filtration and extraction with ethanol for 24 h to remove the excess

silane adsorbed on the nanosilica, the MPTMS-treated nanosilica (called SiO2-1st)

was dried in vacuum at 90 �C for 24 h. The thermal gravimetric analysis gave a

grafting percentage of 16.8 % and the content of mercapto group (-SH) on the

surface of SiO2-1st was determined with the method of Ellman [19], which provided

a result of 0.9 mmol/g.

Grafting of hyperbranched polymer from nanosilica surface by thiol-ene
click reaction

Hyperbranched polymer with terminal mercapto groups onto the nanosilica surface

was achieved by a repeated thiol-ene click reaction between the acrylate groups of

TMPTA and the mercapto groups of Trithiol in a toluene dry system.

A typical procedure was carried out as follows. 150 mL toluene and 10 g SiO2-

1st were charged into a 500-mL three-necked flask. 50 g TMPTA (excess of surface

mercapto group content) was sprayed, and the mixture was agitated at 300 rpm at

room temperature and irradiated by UV light with the main wavelength of 365 nm.

After 20 h, unreacted TMPTA was removed by extracting with toluene for 12 h.

The obtained modified nanosilica with terminal acrylate groups was called as SiO2-

2nd. Then, 150 mL toluene and 10 g SiO2-2nd were charged into a 500-mL three-

necked flask. 50 g Trithiol (excess of surface acrylate group content) was added into

the mixture. The mixture was agitated at 300 rpm under the same conditions as

above. After 20 h, unreacted Trithiol was removed by extracting with toluene for

12 h. The obtained modified nanosilica with terminal mercapto groups was called as

SiO2-3rd. The thiol-ene click reaction between TMPTA and Trithiol was repeated to

allow the growth of hyperbranched polymers form the nanosilica surface. The

modified nanosilica at different generations was called as SiO2-nth.

Characterizations

FTIR analysis was performed in potassium bromide on a Nicolet 360 FTIR

spectrometer collecting 16 scans in the 400–4000 cm-1 range with 4 cm-1 resolution.

The thermogravimetric analysis (TGA) was performed in a HCT-1 thermal

gravimetric analyzer (Hnven Scientific Instument Co., China) under a nitrogen

atmosphere from room temperature to 700 �C with a heating rate of 20 �C/min. The

grafting ratio (Rg) was calculated according to the following equation [20]:

Rg ¼
W1

W 0
1

�W0

W 0
0

� �
� 100%

where W1 is the starting weight of the modified nanosilica particles, W1
0 is the

residual weight of the modified nanosilica particles at 700 �C, W0 is the starting

weight of unmodified nanosilica particles, W0
0 is the residual weight of unmodified

nanosilica particles at 700 �C.
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Gel permeation chromatography (GPC) was used to determine the molecular

weight after the grafted polymer was cleaved from nanosilica with hydrofluoric acid

[21]. The GPC is Waters1515, which utilized a refractive index (RI, 2410) detector

with THF as the eluent. Samples were firstly treated by centrifugal separation and

then prepared by dissolving 10 mg of polymer in 1 mL of THF and passing them

through a 0.22-lm organic filter to remove any particulate contaminants. Analysis

was performed at 35 �C with a flow rate of 1 mL/min, and the poly(styrene) narrow

standards were used.

The particle (or particle agglomeration) size and distribution of nanosilica at

different generations were characterized by a laser particle analyzer Bettersize 2000

(Dandong Bettersize Instruments Corporation, Dandong, China). Toluene was used

as the following liquid.

The morphology of nanosilica and modified nanosilica were visualized by a

JEOL JSM-6700F field-emission scanning electron microscopy (FE-SEM) operat-

ing at an acceleration voltage of 10 kV and spatial resolution of 2 nm. The powder

was dispersed in acetone to prepare 1 wt% solution, and the solution was dropped

onto the surface of a support, dried and deposited on the sample with gold for SEM

analysis.

Preparation and properties analysis of UV-curable coatings

The UV-curable coatings used in this study was a mixture of 30 wt % EA, 40 wt %

TPGDA, 25 wt % TMPTA and 5 wt % TPO. 2 wt % of nanosilica at different

generations was directly added into the above mixture, dispersed by ultrasonic

irradiating for 1 h at room temperature, and the different hybrid coatings were

obtained finally.

The photo-DSC experiments were carried out using a DSC (Q-1000 TA

Instruments). The initiation light source was a 200-W medium pressure mercury

lamp, which gave a UV light intensity at the sample of 80 mW/cm2 over a main

wavelength of 365 nm. Samples weighing 20 ± 0.1 (mean ± SD) mg were placed

in uncovered aluminum pans, and a reference aluminum pan was left empty. The

conversion of acrylate double bonds in the UV-curable system was calculated by

integrating the area of the exothermic peak.

The viscosities of coating were measured by an NDJ-79 rotation viscometer

(Shanghai Scientific Instrument Co., China) at 25 �C. The pencil hardness was

determined according to the testing method of ASTM D3363. The UV-curable

system was processed by exposing to a medium pressure Hg lamp (1 kW, 80 W/

cm2) for 2 min and putting them in a dark place for 5 h.

Results and discussion

Preparation and characterization of modified nanosilica

The functional groups of primary materials used in this study are characterized by

FTIR to confirm the change of the functional groups on the nanosilica surface
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during the whole preparation processes, which is shown in Fig. 2. The characteristic

peak at 2570 cm-1 corresponds to –SH of MPTMS and Trithiol in Fig. 2a, c,

respectively. From the FTIR spectra of nanosilica as shown in Fig. 2b, the stretching

vibration peaks of Si–OH were at 3430 cm-1, the asymmetric stretching vibration

was at 810 cm-1, the symmetric stretching vibration and bending vibration of Si–

O–Si were at 470 cm-1 [22].

The coupling agent treatment plays an essential role in chemically attaching

polymer chains onto nanoparticles [23]. In this work, the mercapto groups are first

introduced onto nanosilica surface as initiator site by the treatment of nanosilica

with MPTMS, and then hyperbranched polymers is grafted from these mercapto

groups. FTIR spectra of modified nanosilica at different generations are shown in

Fig. 3. With the increase of generation and grafting polymer, the relate strength of

peak at 3430 and 1650 cm-1 corresponding to -OH on the nanosilica surface

decreases, the carboxyl groups at 1700 cm-1 increase and the methylene at 2938

and 2873 cm-1 is observed in the modified nanosilica, which proves that

hyperbranched polymer chains have been chemically bonded to the nanosilica

surface. However, the appearance of peak at 3430 cm-1 shows that –OH on the

nanosilica surface has not reacted with MPTMS completely. The increasingly

distinct peaks of organic chains on the nanosilica surface based on the FTIR spectra

indicate that the repeated thiol-ene click reactions on the nanosilica surface have

occurred.

The grafting ratio of organic materials on the nanosilica surface is determined by

TGA, which is performed from room temperature to 700 �C with a heating rate of

20 �C/min. Figure 4 shows that the unmodified nanosilica has a weight loss (about 8

wt%) before 700 �C, which is related to the elimination of physically and chemical

absorbed water on the surface. The physically adsorbed water was attributed to the

weight loss up to 120 �C, while chemically bound water was attributed to the weight
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Fig. 2 FTIR spectra of a MPTMS, b nanosilica and c Trithiol
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loss from 120 to 700 �C. As for modified nanosilica, there are two weight loss

stages, the first weight loss occurred before 250 �C, which can be ascribed to the

physically absorbed organic compounds. Compared with the different curves, it can

be found that SiO2-2nd curve had lowest weight loss. The important reason is that

TMPTA is not easy to absorb physically on the nanosilica surface, therefore, the

ungrafted molecule is easy to extract and the weight loss is low in TGA experiment.

While the MPTMS and trithiol is more easily physically absorbed on the nanosilica

surface for their hydrogen bond effect. The sharp weight loss from 250 to 700 �C for

modified nanosilica is probably attributed to large-scale thermal decomposition of
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Fig. 3 FTIR spectra of a SiO2-0th, b SiO2-1st, c SiO2-2nd, d SiO2-3rd, e SiO2-4th and f SiO2-5th
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grafted molecular chains. With the increase of hybranched polymer grafted onto

nanosilica, the decomposition temperature is increasing and the TGA curve slope is

growing from 400 to 700 �C. It can be ascribed that more hybranched polymer

increased the cross-link density and the thermal properties were improved. Because

the modified nanosilica was dried and extracted by the Soxhlet’s extraction

apparatus using toluene for 12 h, the physical adsorbed organic compounds were

removed and it could be thought that the decomposition ratio of organic compounds

was equal to the grafting ratio. The grafting ratio increases from 16.8 % for

MPTMS-modified nanosilica (SiO2-1st) to 45.0 % for the hyperbranched polymer-

grafted nanosilica (SiO2-5th). And the corresponding number average molecular

weight (Mn) of the grafted molecule changed from 500 to 2000 for modified stage

from SiO2-1st to SiO2-5th. In addition, Fig. 2 indicates that the grafting ratio

changes every time after grafting process indicated that new structure has grafted

onto the nanosilica surface and the chemical reaction has occurred during grafting.

During the post-grafting procedure, the grafting modes and chains propagation

depends on the starting sites formed during the first-generation grafting rather than

the propagation of grafted polymers [5]. Since there is strong steric hindrance effect,

only a few grafted chains can grow from the particles and the grafting ratio change

is limit in spite of excess monomer for modified nanosilica.

It is well established that the dispersion state of nanoparticles is a crucial factor in

determining the final properties of nanocomposites. The dispersibility of modified

nanosilica is better than that of bare nanosilica in organic solvent [24]. The particle

size distributions of nanosilica at different generations are shown in Fig. 5. The

mean size of modified nanosilica is about 2 lm in TPGDA, which is larger than the

real size of nanosilica due to the particle agglomeration, but was smaller than the

unmodified nanosilica dispersed by sonication in TPGDA (about 6 lm). There

exists a shoulder peak at the lower size district, which is related to the single
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Fig. 5 Particle size distribution of a SiO2-0th, b SiO2-1st, c SiO2-2nd, d SiO2-3rd, e SiO2-4th and f SiO2-
5th in TPGDA
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dispersion of nanosilica. The results indicate that the dispersion of nanosilica in

organic solvent was improved progressively with the increase in generation of the

modified nanosilica. Because the larger organic chains can form organic shell on the

nanosilica surface, the self-agglomeration of nanosilica is reduced and the single

dispersion of nanosilica is improved. The dispersion improvement of nanosilica in

organic system also proves the feasibility of thiol-ene click reaction based on the

nanosilica surface.

The SEM results are consistent with the distribution analysis; the morphology

analysis of primary nanosilica and final hyperbranched grafted nanosilica is shown

in Fig. 6. The unmodified nanosilica exists in irregular block and aggregated

seriously because of the presence of silanol groups on their surface. After grafting

with hyperbranched polymers, the silica exists in the state of irregular balls with a

nanosized diameter about 200 nm. The results suggest that modified nanosilica form

uniform cluster of particles and are homogeneously dispersed in the UV-curable

polymer matrix without agglomeration.

Effect of modified nanosilica on the curing kinetics

The formulation of the UV-curable coatings used in this study was a mixture of

30 wt% EA, 40 wt% TPGDA, 25 wt% TMPTA and 5 wt% TPO. In this study, we

fixed the concentration of nanoparticles at 2 wt% to the UV-curable coating, the

effect of nanosilica at different modification stages and the surface functional group

on the curing kinetics of UV-curable coatings were investigated. The content of

modified nanosilica was calculated based on bare nanosilica.

The photopolymerization kinetics was performed using photo-DSC to clarify the

photocuring process of the various systems. Photo-DSC experiments are capable of

providing kinetics data in which the measured heat flow can be converted directly to

the ultimate percentage conversion and polymerization rate. The photo-DSC

method assumes that for a cure process the measured heat flow is proportional to the

conversion rate [25–27].

a ¼ DHt
�
DHtheor

0

where DHt is the reaction heat enthalpy released at time t and DHtheor
0 is the theo-

retical heat enthalpy for the complete conversion. For the mixture of EA, TPGDA

Fig. 6 SEM images of a nanosilica and b modified nanosilica grafted with hyperbranched polymers
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and TMPTA, DHtheor
0 for EA, TPGDA and TMPTA was 339, 542 and 818 J/g,

respectively [28]. So the theoretical heat enthalpy for the mixture DHtheor
0 ¼ 550 J/g.

The rate of polymerization (Rp) is related directly to the heat flow (dH/dt) using the

following equation:

Rp ¼ da=dt ¼ dH=dtð Þ=DHtheor
0

where da/dt is the conversion rate or the polymerization rate and dH/dt is the

measured heat flow.

Generally, the photocuring process is considered as an autocatalyzed curing

reaction for at least one of the reaction products that is also involved in the

propagating reaction. The cure kinetics for an autocatalyzed reaction is described

using the following equation [26–29].

da=dt ¼ kam 1� að Þn

where k is the Arrhenius-type reaction rate constant, m is the order of the initiation

reaction, and n is the order of the propagation reaction. Values of k and n can be

determined from a ln–ln plot of da/dt versus am=n 1� að Þ derived from the equation

ln da=dt ¼ ln k þ n ln am=nð1� aÞ

So as to enable comparison between more complex systems, the value of k was

measured for the initial phase of polymerization. The value of n was fixed as 1.5

[27, 29] and then, m was calculated.

The photo-DSC exotherms for the polymerization of the UV-curable hybrid

systems containing silica nanoparticles at different generations are illustrated in

Fig. 7. The results from the photo-DSC analysis are summarized in Table 1.

Figure 7 and Table 1 indicate that the surface functional groups of nanosilica

play an important role during the UV-curing process. The induction time of UV-

curable coatings increased while the maximum heat flow decreased with the
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increase of generation of modified nanosilica. According to the experimental design,

the terminal functional groups on the nanosilica surface are different for different

modified step. The terminal group is mercapto group for SiO2-1st, SiO2-3rd, SiO2-

5th, and acrylate double bonds for SiO2-2nd, SiO2-4th. Table 1 show that the UV-

curable coatings containing modified nanosilica at different generations demonstrate

more induction time and lower final percentage conversion than the pure UV-

curable coatings, but the SiO2-1st is exception. Especially, the terminal mercapto

group on the nanosilica surface had higher promoting effect than the acrylate

groups. It can be ascribed to the reflection and scattering effect of nanosilica to UV

light [11]. However, the final conversion percentage of coatings with modified

nanosilica was higher than that with unmodified nanosilica, which can be illustrated

by the effect of functional groups on the nanosilica surface.

Both the terminal acrylate double bonds and the mercapto groups can not only

improve the dispersion of nanosilica in UV-curable coatings, but also promote the

UV-curing process by either involving the UV-curing process or reducing oxygen

inhibition. The acrylate double bonds on the nanosilica surface can provide

polymerizable property for the nanosilica, therefore, the modified nanosilica can

cross-link with the cured polymers as illustrated in Fig. 8a. While the mercapto

groups on the nanosilica surface can transfer peroxide radicals into thiol radical,

which provide more active radical for UV-curing process, therefore, the other

acrylate structure can be initiated but not be terminated with other H atom. The

illustrated scheme is shown in Fig. 8b, c [29].

In contrast, the SiO2-4th and SiO2-5th do not exhibit better curing properties than

the former modified nanosilica beyond our expectation. The reason is that the

surface of modified nanosilica at higher generation had higher branching degree.

Despite the large organic molecule improved the dispersion, the grafted macro-

molecule limited the mobility of nanosilica, therefore, the surface functional groups

do not play their effective role completely in the UV-curing process. The results are

Table 1 Rate constant and reaction orders for the autocatalytic photo polymerization of silica-based

compositions

Sample

(2 wt%)a
DH (J/

g)

Induction

time (s)b
Peak

maximum

(s)

Conversion at

peak (%)

Reaction

order, m

Rate constant,

k (s-1)

Pure UV

coatings

385.1 47.0 122.0 25.4 0.5424 124.52

SiO2-0th 356.2 50.0 132.0 25.0 0.4713 125.60

SiO2-1st 394.1 48.0 127.0 27.0 0.5049 137.98

SiO2-2nd 373.2 49.0 123.0 24.4 0.5157 126.84

SiO2-3rd 353.9 47.0 128.0 26.2 0.4536 152.54

SiO2-4th 378.1 50.0 137.0 25.6 0.4587 121.27

SiO2-5th 357.0 51.0 136.0 25.3 0.4596 121.94

a The content of modified nanosilica was calculated as bare nanosilica according to the grafting ratio
b Which is the time to attain a conversion of 1 %
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further proved by the more induction time and the more maximum peak time for

SiO2-4th and SiO2-5th.

Effect of modified nanosilica on the properties of UV-curable coatings

The viscosity of a UV-curable system is considered as one of the most important

parameters, affecting the processability and the photopolymerization rate of the

cured film. So a suitable viscosity of the UV-curable system is very important to the

properties of the final cured film [30]. Figure 9 shows the viscosities and pencil

hardness of UV-curable coatings with 2 wt% silica nanoparticles at different

generations. It was found that the nanosilica increased the viscosity of the UV-

curable coatings at different degree. Compared with the coatings with unmodified

nanosilica, the viscosity of UV-curable coating with modified nanosilica decreased

progressively with the increase of modified generation. It can be concluded that

unmodified nanosilica tended to self-agglomeration in UV-curable system and

yielded highly viscous dispersions of UV-curable coatings ascribed to their poor

compatibility to each other. After grafting with organic compounds, the organic

shell which formed on the nanosilica surface, resulting in the transfer form

hydrophilation to organophilation nanoparticles, thus decreased the viscosity of

coatings. The more the polymers grafted onto the nanosilica surface, the better the

dispersion of nanosilica in UV-curable coatings.

The results of the pencil hardness measurements indicated that the value

increased with the increase of modified generation. This may be explained by the

interaction of the nanosilica with the organic matrix. The difference of nanosilica at

different generations can be ascribed to the better distribution of modified nanosilica

at higher generation reducing the migration of inorganic nanoparticles during UV-

curing process, the nanosilica without modification are not homogeneously

distributed and dispersed in the hybrid matrix, this may lead to phase separation
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Fig. 8 The effect of functional groups of nanosilica surface on the UV-curing process. a Free-radical
polymerization, b free-radical quenching and regeneration, c free-radical transfer
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and result in poor pencil hardness [31]. The other reason can be attributed to

uniform distribution of nanosilica in the UV-curable coatings and reinforcement by

Si–O–Si linkage in the cured films [2].

Conclusions

The hyperbranched polymer has been successfully grafted from the nanosilica

surface by a repeated step of thiol-ene click reaction between TMPTA and Trithiol.

The final modified nanosilica is ended by mercapto groups with grafting ratio of

45.0 %. The self-agglomeration and the dispersion of nanosilica are improved

progressively with the increase of grating polymer. The photo-DSC results show

that both the terminal acrylate double bonds and mercapto groups grafted onto the

nanosilica act as effective curing agent for UV-curable coatings. However, the

nanosilica at higher generations are not found to further improvement in curing

kinetics, which can be attributed to the influences of macromolecules grafted onto

the nanosilica surface on the nanosilica mobility during the UV-curing process.

Considering the viscosity and pencil hardness of UV-curable coatings with silica

nanoparticles modification before and after, the viscosity decreased and the pencil

hardness increased with the increase of modified generation.
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