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a b s t r a c t

The silsesquioxane-based hybrid urethane acrylate (SHUA) was synthesized by modifying silsesquioxane-
based hybrid polyol (SBOH) with the half adduct of isophorone diisocyanate and 2-hydroxyethyl acrylate,
and characterized by Fourier transfer infrared (FTIR) and 1H NMR spectroscopy. The SHUA was mixed
with a phosphorus-containing trifunctional acrylate, TAEP, with different ratios to prepare a series of
UV-curable organic–inorganic hybrid flame-retardant resins. Both the maximum photopolymerization
rate and final unsaturation conversion in the UV-cured films determined by photo-DSC decreased along
with SHUA content due to the decrease in functionality density and the increase in viscosity. The limiting
oxygen index indicated the flame-retardant property reached to a high level of over 32 even with 40%
SHUA addition, while the initial decomposition temperature and the char residue at 850 ◦C increased. The
rethane acrylate chemical structure change during the thermal degradation process was monitored by in situ FTIR analy-
sis to demonstrate the condensed-phase flame-retardant mechanism. The dynamic mechanical thermal
analysis results showed that the elastic storage modulus on the rubbery plateau region and glass transi-
tion temperature of the cured film increased by incorporating a small amount of SHUA, but decrease with
over 10 wt.% addition of SHUA. Moreover, the addition of SHUA led to an increase in elongation at break
and enhancement in abrasion resistance and hardness of film, even though no enhancement in tensile
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strength.

. Introduction

It is a well-known fact that UV-curing technology has widely
een used in scientific and industrial fields, because it exhibits
any advantages such as few volatile organic compounds (VOC),

ow energy consuming, reduced cycle time, increased production
apacity, superior product quality, and also facilitates the use of
eat sensitive substrates [1–4]. In addition to these important

eatures, this technology can offer a broad range of the changes
n formulation and curing conditions, and thus final properties.
V-curable organic–inorganic hybrid coatings have attracted great

nterest in the past years due to the favorable combination of prop-
rties resulting from the synergism between organic and inorganic
omponents [5–7]. However, up to now, they are usually pre-
ared from 3-(methacryloyloxy)propyltrimethoxysilane, tetraethyl

rthosilicate, and commercial organic oligomers. The cured hybrid
oatings possess excellent abrasion resistance and hardness for pro-
ecting the underlying substrates [6]. Unfortunately, the processing
omplexity and instability of these hybrids limited some further

∗ Corresponding author. Tel.: +86 551 3606084; fax: +86 551 3606630.
E-mail address: wfshi@ustc.edu (W. Shi).
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pplications. Therefore, it is worth to develop new multifunctional
ligomers containing both organic and inorganic components used
or UV-curable hybrid coatings.

Silsesquioxane complex and silsesquioxane-containing poly-
ers are emerging as new hybrid reagents for developing unique

rganic–inorganic nanocomposites [8–16]. Silsesquioxane is the
erm for all structures with the formula of RnSinO1.5n−x(OH)2x,
nd usually synthesized by the hydrolytic condensation of organ-
trialkoxysilane, RSi(OR′)3, in the presence of an acid or base
s a catalyst. It can form ladder [17–19], cage [16,17], partial
age [20] and polymer structures [14,21]. Among various types
f silsesquioxanes, cubic silsesquioxanes (T8) with the empirical
ormula of (R–SiO1.5)8 have become the focus of many studies.
he organic–inorganic hybrid materials containing T8 exhibit dra-
atic improvements in properties such as higher use temperature

22], heat evolution [23], reduction in flammability [24], processing
iscosity [25], mechanical behavior modification [26,27], surface
ardness [28], and abrasion resistance [29,30]. However, the syn-

hesis of T8 complex requires complicated and time-consuming
rocedures. Several efforts have been directed at the facile syn-
hetic methods for silsesquioxane-based hybrid reagents in order to
eek the possibility of large-scale production without tedious pro-
ess. Notably, Williams and co-workers have reported the synthesis

http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
mailto:wfshi@ustc.edu
dx.doi.org/10.1016/j.porgcoat.2008.08.018


2 n Organic Coatings 65 (2009) 1–9

o
g
[
[
c
s

o
t
n
s
r
h
o
w
s
b
c
M
U
s
o
fl
c
d
c
d
a
i
k
e
i

2

2

r
c
S
C
b
w
a
N
m
t
a
w
2
u
C
F

2

2

t
3
o
N
o

Table 1
Viscosity, photopolymerization rates at peak maximum and final unsaturation con-
version in the cured films

Sample Formulation (wt.%) Viscosity
(mPa s, 25 ◦C)

RP
max

(J g−1 s−1)
Pf (%)

SHUA TAEP

TAEP 0 100 95 22.03 80.8
SHUA5TAEP95 5 95 160 18.56 75.5
SHUA10TAEP90 10 90 500 14.77 70.0
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f perfect and imperfect polyhedra bearing secondary hydroxyl
roups (OH–SSO) [31–33] or (�-carboxyl)ester groups (COOH–SSO)
34] in the organic branches used as modifiers of epoxy networks
26,34,35]. Mori et al. described the synthetic routes of two kinds of
age-type silsesquioxanes with hydroxyl groups on the outermost
urfaces, possessing 12–18 and 6–12 Si atoms, respectively [36–38].

Urethane acrylates are widely used as oligomers in vari-
us UV-curable formulations due to the excellent properties of
he cured films. To the best of our knowledge, silsesquioxane
anoparticle-based urethane acrylate oligomers have never been
ynthesized and used in UV-curable formulations. Herein, we
eport a facile synthesis of an organophilic organic–inorganic
ybrid urethane acrylate (SHUA) by the reaction of the half adduct
f isophorone diisocyanate and 2-hydroxyethyl acrylate (IPDI-HEA)
ith a silsesquioxane bearing hydroxyl groups on the outermost

urface (silsesquioxane-based hybrid polyol (SBOH)), which can
e obtained by hydrolytic condensation of a functionalized pre-
ursor, N,N-di-(2,3-dihydroxypropyl)aminopropyltriethoxysilane.
oreover, in contrast to previous reports [6,39], the obtained
V-curable organic–inorganic hybrid urethane acrylate is rather

table and has good miscibility with UV-curable monomers and
ligomers. As a part of our continuous efforts to develop UV-curable
ame-retardant coatings, SHUA was mixed with a phosphorus-
ontaining monomer tri(acryloyloxyethyl)phosphate (TAEP) in
ifferent ratios. The flame retardancy of the UV-cured film was
haracterized by the limiting oxygen index (LOI). The thermal
egradation process and structural changes at different temper-
tures were investigated by thermogravimetric analysis (TGA),
n situ Fourier transfer infrared (FTIR). The photopolymerization
inetics of the resins, and the dynamic mechanical thermal prop-
rties and mechanical behaviors of the cured films were also
nvestigated.

. Experimental

.1. Materials

Glycidol was purchased from Sigma–Aldrich and used as
eceived. 3-Aminopropyltriethoxysilane, isophorone diiso-
yanate (IPDI), and 2-hydroxyethylacrylate (HEA), supplied by
igma–Aldrich, Shanghai First Reagent Co., and Beijing Orient
hemical Co., respectively, were distilled under reduced pressure
efore use. Hydrofluoric acid (46–48% HF aqueous solution)
as used as received. Di-n-butyltindilaurate (DBTDL) as a cat-

lyst was purchased from the Third Reagent Co., Beijing, China.
,N-Dimethylacetamide (DMAc) was used after drying over 4-Å
olecular sieves. The detailed synthesis and characterization of

he half adduct of isophorone diisocyanate and 2-hydroxyethyl
crylate (IPDI-HEA) were described elsewhere [4,40]. TAEP
as synthesized using POCl3 and HEA in our laboratory [41].
-Hydroxy-2-methyl-1-phenyl-1-propanone (Runtecure 1103),
sed as a photoinitiator, was supplied by Runtec Chemical Co.,
hangzhou, China. Other chemicals were supplied by Shanghai
irst Reagent Co. and used as received without further purification.

.2. Synthesis

.2.1. Silsesquioxane-based polyol
The silsesquioxane-based polyol was prepared according to
he procedure developed by Mori et al. [36,37]. One mole of
-aminopropyltriethoxysilane was dropped slowly into two moles
f glycidol under stirring with ice cooling. The addition product,
,N-di(2,3-dihydroxypropyl)-(aminopropyl)triethoxysilane, was
btained after reacted for 1 h at 25 ◦C. Then an aqueous HF solution

B
e

l
r

HUA20TAEP80 20 80 1250 10.17 67.9
HUA30TAEP70 30 70 2850 9.85 65.2
HUA40TAEP60 40 60 4950 8.46 62.3

3.225%, 42.06 g) was added into the above addition product
287.82 g, 1.558 mol) previously dissolved in 1400 mL of methanol,
nd stirred for 4 h at 25 ◦C. After removed methanol, ethanol and
ater under vacuum, and dried at 60 ◦C in vacuum for 72 h, the

ilsesquioxane-based polyol, denominated as SBOH, was obtained
n a glassy solid at room temperature (yield 98%).

1H NMR (300 MHz, D2O): ı (ppm) 0.4–0.9 (–SiCH2–), 1.4–1.9
–SiCH2CH2–), 2.4–3.2 (–NCH2–), 3.4–4.1 (–OCH2–, –OCH–). FTIR
NaCl plate, cm−1): 3398 (OH), 2940, 2879 (CH), 1119, 1045 (Si O).

.2.2. Silsesquioxane-based hybrid urethane acrylate (SHUA)
The above-obtained SBOH was dried thoroughly in a vacuum

ven at 80 ◦C for 3 h before use. 10.52 g SBOH (163.03 mol OH),
proper portion of catalyst (0.1 wt.% DBTDL), p-hydroxyanisole

1000 ppm) and 60 mL of DMAc were poured into a dry glass flask
hich was purged with N2 before use to eliminate moisture. A

iven amount of IPDI-HEA previously dissolved in DMAc was slowly
ropped into the above vessel at 0 ◦C under N2 atmosphere and
hen stirred continuously at 60 ◦C until the FTIR absorption peak at
250 cm−1 for NCO group disappeared. The resultant mixture was
oncentrated and then precipitated by being dropped into 500 mL
f diethyl ether. The crude product was redissolved in 30 mL of
cetone and precipitated into 500 mL of diethyl ether. This pro-
edure was repeated for three times. The resulting white powder
as dried in vacuo at 25 ◦C for 4 days with a yield of 88%, named

HUA.
1H NMR (300 MHz, CDCl3): ı (ppm) 0.3–1.9 (–SiCH2–,

C(CH3)CH2C(CH3)2–), 1.4–2.1 (–SiCH2CH2–, –CH2CH(NHCOO)
H2–), 2.3–3.2 (–NCH2–, –CCH2NHCOO–), 3.3–4.2 (–OCH2–, –OCH–,
CH2CH(NHCOO)CH2–), 4.2–4.6 (–NHCOOCH2CH2COO–), 5.7–6.6
–COOCH CH2). FTIR (NaCl plate, cm−1): 3340 (OH), 2946, 2872
CH), 1716 (C O), 1635, 1409, 810 (CH CH2), 1536 (NH), 1119, 1045
Si O).

.3. Sample preparation

The mixtures of SHUA with TAEP in different ratios (Table 1)
ere stirred until the homogenous blends formed. TAEP and their
lends in the presence of 3 wt.% Runtecure 1103 were drawn on
glass plate with a 75 �m applicator or pour into a mold with

iven size, then exposed to a medium pressure mercury lamp (2 kW,
usion UV systems, USA) in air for 300 s. The distance from the UV
amp to sample is 10 cm.

.4. Measurements

The 1H NMR spectrum was recorded with an AVANCE 300

ruker spectrometer using tetramethylsilane as an internal refer-
nce and D2O or CDCl3 as a solvent.

The Fourier transfer infrared spectra were recorded using a Nico-
et MAGNA-IR 750 spectrometer. The in situ FTIR spectra were
ecorded to monitor the thermodegradation process of cured sam-
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les in the range of room temperature to 460 ◦C with a heating rate
f 2 ◦C min−1.

The viscosity at room temperature was measured with a
NX Model rotational viscometer (Tianjin Instrument Co., Tianjin,
hina).

The photopolymerization rate was monitored in air by a CDR-1
ifferential scanning calorimeter (DSC) (Shanghai Balance Instru-
ent Co., Shanghai, China) equipped with a UV spot cure system

HG-250 (Mejiro Precision Co., Japan). The incident light intensity
t the sample pan was measured to be 2.04 mW cm−2 with a UV
ower meter. The unsaturation conversion (Pt) was calculated by
he formula, Pt = Ht/H∞, where Ht is the heat effect within t s, H∞
s the heat effect of 100% unsaturation conversion. The DSC curves

ere normalized by the weight (g) of samples. The polymerization
ate is defined by J g−1 s−1, namely, the heat of polymerization per
econd for 1 g samples. For calculating the polymerization rate and
∞, the value �H0 = 86 J mmol−1, for the heat of polymerization per
crylic unsaturation, was taken.

The limiting oxygen index values were measured using a ZRY-
ype instrument (made in Jiangning, China) with the sheet of
20 mm × 6.5 mm × 3 mm according to ASTM D635-77.

The thermogravimetric analysis was carried out on a Shimadzu
G-50 instrument using a heating rate of 10 ◦C min−1 in air.

The tensile storage modulus (E′) and tensile loss factors (tan ı)
ere measured using a dynamic mechanical thermal analyzer (Dia-
ond DMA, PE Co., USA) at a frequency of 2 Hz and a heating

ate of 5 ◦C min−1 in the range of −50 to 250 ◦C with the sheet of
5 mm × 5 mm × 1 mm.

The mechanical properties were measured with an Instron Uni-
ersal tester (model 1185, Japan) at 25 ◦C with a crosshead speed
f 25 mm min−1. The dumb-bell-shaped specimens were prepared
ccording to ASTM D412-87. Five samples were analyzed to deter-
ine an average value in order to obtain the reproducible result.
The abrasion resistance was measured with a QMX abrasion

pparatus (Tianjin Exp. Apparatus Co., China) in accordance with
he corresponding State Standard Testing Method (GB 1731-93). A
50 g load is placed on top of the rubber abrader wheel and allowed
o spin for 1 min with a speed of 60 r min−1.

The pendulum hardness was determined using a QBY pendu-
um apparatus (Tianjin Instrument Co., China). The pencil hardness
as determined using a QHQ-A pencil hardness apparatus (Tianjin

nstrument Co., China).

. Results and discussion

.1. Synthesis and architecture characterization

The multifunctional polyol, SBOH, a sphere-shaped nanoparticle
ith a diameter of about 2.7 nm, was prepared by hydrolysis and

ondensation of an organic silane, N,N-di(2,3-dihydroxypropyl)-
aminopropyl)triethoxysilane according to the method developed
y Mori et al. [36,37]. The number average molecular weight and
ts polydispersity index of SBOH were reported to be 3760 g mol−1

nd 1.21, respectively. These nanoparticles were found to consist
f the species having 12–18 Si atoms with complete and incom-
lete cagelike structures of Si O Si and Si O C bonds. Since the
olecular weight of a unit with one Si atom is 258.3 g mol−1, SBOH

ontain approximately 14.6 Si atoms or 58 terminal hydroxyl groups
36,37]. Due to the inorganic characteristic of Si O Si in the core
nd a lot of reactive hydroxyl groups on the surface, SBOH was

sed as a new functional hybrid reagent for the preparation of
ilsesquioxane-based organic–inorganic hybrid urethane acrylate
ligomers (SHUA).

Scheme 1 presents the synthetic route of SHUA. The reaction
etween the hydroxyl groups of SBOH with IPDI-HEA was fol-
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owed by FTIR measurement. Fig. 1 shows the FTIR spectra of SBOH
nd SHUA. In the SBOH spectrum, there is a broad absorption
and for hydroxyl group from 3000 to 3800 cm−1 with a maxi-
um at 3398 cm−1. In addition, a sharp peak between 2840 and

940 cm−1 due to the C H stretching vibration in the alkyl chain
nd a strong absorption band around 1030–1150 cm−1 correspond-
ng to Si O Si stretching on the nanoparticles are present. In the
HUA spectrum, the formation of urethane structure is revealed by
he peaks observed at 1716 cm−1 for C O and 1536 cm−1 for N H.
he FTIR spectrum shows the strong absorption bands at 1635, 1409
nd 810 cm−1, indicating the existence of acrylate groups. There is
lso an absorption band from 3000 to 3700 cm−1 but the inten-
ity significantly decreased compared to the benchmark absorption
ntensity of Si O at 1046 cm−1. This indicates that some hydroxyl
roups still existed although most of the hydroxyl groups on the
utermost surface reacted with –NCO groups and transformed to
erminal double bonds. In fact, due to the steric hindrance, the
ydroxyl groups cannot be completely consumed even though
uch excess molar ratio of IPDI-HEA to OH group was used. There-

ore, in the following steps, SHUA was obtained by fixed the molar
atio of IPDI-HEA to OH as 0.5.

Fig. 2 represents the 1H NMR spectra of SBOH and
HUA. The characteristic peaks of SHUA are clearly seen at
.3–1.9 (–SiCH2–, –C(CH3)CH2C(CH3)2–), 1.4–2.1 (–SiCH2CH2–,
CH2CH(NHCOO)CH2–), 2.3–3.2 (–NCH2–, –CCH2NHCOO–),
.3–4.2 (–OCH2–, –OCH–, –CH2CH(NHCOO)CH2–), 4.2–4.6
–NHCOOCH2CH2COO–), and 5.7–6.6 (–COOCH CH2), respec-
ively, indicating the successful synthesis of SHUA. Moreover, the
atio of integration area of the peak corresponding to double bond
–COOCH CH2, ı 5.7–6.6, s in Fig. 2(b)) to that of peak corre-
ponding to the methylene group near Si atom in silsesquioxane
ore (–SiCH2–, ı a in Fig. 2(b)) was 2.91, revealed that about 50%
ydroxyl groups in a SBOH molecule were transformed to double
onds, which accords with the initial molar ratio of IPDI-HEA
o –OH at the margin of error in the experiment. Because of the
lobular shape and many residual hydroxyl groups, GPC approach
as not used for determining the molecular weight of SHUA.

ortunately, the theoretical molecular weight Mn = 13,560 g mol−1

an be calculated according to the molecular weight of SBOH
btained by MALDI-TOF [36,37] and the number of double bond in
ne SHUA molecule.

.2. Viscosity and photopolymerization kinetics

The viscosity of a UV-curable formulation is considered as one of
he most important parameters because it affects the processability,
hotopolymerization rate and the final properties of the cured film.
suitable viscosity range is required to avoid sagging (in the case

f low viscosity) and practical difficulty in applications (encoun-
ered with high viscosity). Due to the high molecular weight and the
ormation of inter/intramolecular hydrogen bond, SHUA is a white
owder at room temperature. It is changed easily into a highly vis-
ous transparent material by heating, for example, at 60 ◦C, which is
ostly unsuitable for UV-curable systems. Instead, addition of mul-

ifunctional comonomer is a more convenient and common used
ay to improve the operability. Tri(acryloyloxyethyl)phosphate

TAEP), a phosphorus-containing trifunctional acrylate monomer
as chosen as a diluent to mix with SHUA for decreasing the viscos-

ty, and endowing the cured film with flame retardancy. Therefore, a
eries of UV-curable organic–inorganic hybrid resins with different

ontents of TAEP were formulated, and their resin compositions are
isted in Table 1. In addition, Runtecure 1103 as a photoinitiator was
dded into each formulation. The viscosity of sample goes down
harply along with the addition of TAEP, reaching to a very low vis-
osity of 4950 mPa s at 25 ◦C with 60 wt.% addition. Moreover, the
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Scheme 1. Synthetic

Fig. 1. FTIR spectra of (a) SBOH, and (b) SHUA.
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route of SHUA.

apid viscosity reduction further indicates the good miscibility of
HUA with TAEP.

The properties of a UV-cured film are not only related to the
esin composition but also to its photopolymerization kinetics. The
ost important parameters characterizing the curing kinetics of a

esin are the rate at the peak maximum (RP
max) and the final unsat-

ration conversion (Pf). The UV-curing kinetics curves of TAEP and
he hybrid resins obtained from photo-DSC measurements at room
emperature (25 ◦C) are shown in Figs. 3 and 4, and the data are
isted in Table 1. The photopolymerization rates of all hybrid sam-
les show a steep increase at the beginning of irradiation, reaching
o RP

max value, and then drop rapidly, which appears similarly to
hat of other conventional acrylate systems reported in the liter-
ture [42,43]. Moreover, the RP

max decreases with SHUA content
ncreasing, which can be explained by the fact that the concen-
ration of double bond decreases and the viscosity increases as the
HUA content increases. The double bond concentration of SHUA
s 2.16 mmol g−1 compared with 7.65 mmol g−1 for TAEP. The Pf
lso decreases systematically with increasing SHUA content from
0.8% for TAEP alone to 62.3% for a SHUA content of 40%. It is
ttributed to the increase of viscosity when more SHUA is added
nto the system, which makes the gel effect attained in a lower
onversion.



X.-e. Cheng et al. / Progress in Organic Coatings 65 (2009) 1–9 5

3

o
L
o
s
p
a
L
S
i
t
b
t
t

e

Fig. 3. Photopolymerization rate of SHUA/TAEP vs. irradiation time (25 ◦C).
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flame-retardant mechanisms are followed in various systems. It
can be supposed that the flame retardancy of a part of TAEP is
acting in the gas phase [45], whereas another part of TAEP is act-
ing in condensed phase owing to the synergistic effect between

Table 2
Theoretical phosphorus, nitrogen and silicon percent in the formulations and the
LOI values of the cured films

Sample Phosphorus (wt.%) Nitrogen (wt.%) Silicon (wt.%) LOI

TAEP 7.90 0 0 43.0
SHUA5TAEP95 7.51 0.38 0.147 41.0
Fig. 2. 1H NMR spectra of (a) SBOH in D2O; and (b) SHUA in CDCl3.

.3. Flame retardancy

The flame-retardant properties of the obtained UV-curable
rganic–inorganic hybrid resins were examined by measuring the
OI values of the cured films. The LOI is the minimum fraction
f oxygen in an oxygen–nitrogen mixture that is just sufficient to
upport combustion of the specimen after ignition. The theoretical
hosphorus, nitrogen and silicon contents of the UV-cured samples
nd their LOI values are given in Table 2. It can be observed that the
OI value decreases from 43.0 to 32.0 by increasing the ratio of
HUA to TAEP. Fig. 5 presents the photographs of samples contain-
ng different SHUA contents after combustion. It can be seen that
he expanding charred crust was formed after the TAEP/SHUA blend

urned, and the degree of expansion increases at first, reaching to
he biggest expansion degree, and then decreases with increasing
he SHUA content.

As reported in literature [44,45], phosphorus and nitrogen
xhibited a synergistic effect on flame retardance through a pro-

S
S
S
S
S

ig. 4. Unsaturation conversion in UV-cured SHUA/TAEP films vs. irradiation time
25 ◦C).

osed condensed-phase mechanism, and the degree of expansion
reatly influences the flame retardancy. The larger the degree
f expansion, the thicker the insulating layer will be formed to
rotect the underlying material from burning. However, it was
ound that the LOI value decreases even though the degree of
xpansion increases. It may be ascribed to the fact that different
HUA10TAEP90 7.11 0.75 0.29 38.5
HUA20TAEP80 6.32 1.50 0.59 35.5
HUA30TAEP70 5.53 2.25 0.88 34
HUA40TAEP60 4.74 3.00 1.18 32
HUA 0 7.51 2.94 –
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EP95; (c) SHUA10TAEP90; (d) SHUA20TAEP80; (e) SHUA30TAEP70; (f) SHUA40TAEP60.
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Fig. 6. TGA curves of the cured films with different SHUA contents.

Table 3
Thermogravimetric analysis data of the cured films

Sample Temperature recorded at
specific weight loss (◦C)

Residue (%) (850 ◦C)

10% 50%

TAEP 294 458 2.1
SHUA5TAEP95 308 446 3.5
Fig. 5. Photographs of the samples after combustion: (a) TAEP; (b) SHUA5TA

hosphorus–nitrogen and phosphorus–silicon [46–48]; and the
as phase mechanism holds the dominant effect. As well known,
he gas phase mechanism interrupts the exothermic process and
hus suppresses combustion by capturing free radicals through the
hosphorus volatiles. Whereas the condensed-phase mechanism

acilitates char formation. It can be observed that a thick insulat-
ng layer was formed with decreasing the phosphorus content from
.90 to 6.32% and increasing the nitrogen content to 1.50% owing to
he phosphorus–nitrogen synergistic effect. Meanwhile, although
he degree of expansion decreases, a high-performance char bar-
ier might be formed when the SHUA content continued to increase
ue to the increase of silicon content, and thus the enhancement

n the phosphorus–silicon synergistic effect [46–48], which can be
emonstrated by the following thermal degradation behavior. Two
inds of chars all can prevent the heat transfer, brings down the
emperature, and inhibits the release of combustible gases. Simul-
aneously, some of phosphorus volatiles, such as P2, PO, PO2, HPO2,
tc. which can suppress combustion by capturing free radicals, are
lso prevented emitting from the char layers. Therefore, the effect of
as phase mechanism also weakens with increasing SHUA content,
esulting in the LOI value decreased.

.4. Thermal degradation

The thermal stability of a polymeric material is very important
hen used as a flame-retardant. TGA is one of the most widely
sed techniques for rapid evaluation of the thermal stability of var-
ous polymers. Fig. 6 shows the TGA thermograms of the cured
amples from room temperature to 850 ◦C in air atmosphere. The
pecific degradation temperatures and the final char yields at 850 ◦C
re listed in Table 3. It is noted that the thermostability of UV-
ured SHUA/TAEP films at lower temperature first increases and

SHUA10TAEP90 316 417 4.4
SHUA20TAEP80 320 396 6.9
SHUA30TAEP70 317 395 7.4
SHUA40TAEP60 291 393 11.9
SHUA 247 384 10.4
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increase the SHUA content, the reduced crosslinking density dom-
ig. 7. FTIR spectra of cured SHUA20TAEP80 during the thermal degradation in the
ange of RT ∼ 460 ◦C.

hen decreases along with the increase of SHUA content, and the
V-cured SHUA film has the lowest thermostability, which can be
erified by the temperature of 10 wt.% loss listed in Table 3. There
re mainly two competitive factors which affect the thermostabil-
ty at lower temperature. On the one hand, the resin with lower
hosphorus content possesses higher thermostability at the begin-
ing of degradation due to the decrease of less stable P O C bond.
n the other hand, the decrease in crosslinking density and the

ncrease of less stable urethane segments with the increase of SHUA
ontent results in weakening in thermostability at lower temper-
ture [49]. At higher temperature, the thermostability weakens
ith increasing SHUA content. This can also be verified by the data

n Table 3, showing that the temperature of 50 wt.% loss reduces
long with the increase of SHUA content. It can be explained by the
act that the resin with high phosphorus content is more stable at
igh temperature owing to the formation of compact char which
rotects the sample from further degradation and yields more char.

However, it can be seen that the cured TAEP film still shows
eight loss at the temperature over 700 ◦C under air. On the con-

rary, this weight loss is not observed for the char of SHUA film
ue to the silicon migration to char surface and the formation of
silicon-protecting layer to char [46,47]. Nevertheless, the weight

oss is still observed for UV-cured SHUA/TAEP films at the tem-
erature over 700 ◦C, which might be owing to the lower silicon
ontent in the resins. It can be observed that the efficiency of pro-
ecting the char from further oxidation by silicon enhanced with
ncreasing SHUA content, so the final char yield at 850 ◦C increases.
he SHUA40TAEP60 resin yields most char among the resins, which
ight come from two reasons: one reason is that silicon favorably

rovides thermostable char and phosphorus provides a tendency
f char formation, and another is that there may be a synergistic
ffect between phosphorus and nitrogen as reported in literature
43,44].

The in situ FTIR analysis was used to monitor the chemical
tructure changes in UV-cured SHUA20TAEP80 films at different
egradation temperatures, as shown in Fig. 7. It can be seen that the

O C absorption peaks at 1034 and 984 cm−1 decrease quickly
ith increasing temperature and then disappear completely above
80 ◦C, indicating the degradation of P O C occurred. Further-
ore, four new absorption bands appear. The peaks at 1147 and

020 cm−1 are assigned to the stretching vibration of P O C and
O2/PO3 in phosphate-carbon complexes, respectively [50]. The

i
E

t

Fig. 8. DMTA curves of the UV-cured films with different SHUA contents.

eaks at 1086 and 885 cm−1 are attributed to the symmetric
nd asymmetric stretching vibration of P O P band [51,52]. The
bsorbance at 1264 cm−1 corresponding to P O decreases with
ncreasing temperature. Two new absorption bands at 1274 and
290 cm−1 assigned to P O vibration in P O � structure appear
bove 270 ◦C, where � represents an aromatic group [53]. All these
hanges in the FTIR spectra indicate that phosphate group is broken
rom the aliphatic structure. Some are linked to each other by shar-
ng one oxygen atom, leading to the formation of poly(phosphoric
cid) such as P2O5 and P4O10, and others are linked to the aro-
atic structures at the temperatures over 280 ◦C, resulting in the

ormation of phosphorus–carbon complexes. The formation of aro-
atic structures is demonstrated by the appearance of new peaks

t 755 and 679 cm−1 in the spectra measured above 270 ◦C [51].
he absorbance at 1536 cm−1for the stretching vibration of N H
ond decreases rapidly from 200 ◦C and disappears above 300 ◦C.
he same tendency of degradation for C O C at 1168 cm−1 can be
bserved from Fig. 7, which is also confirmed by the fast decrease
nd then disappearance of the strong peak at 1731 cm−1 corre-
ponding to C O band.

.5. Dynamic mechanical thermal properties

The dynamic mechanical thermal analysis (DMTA) was utilized
o investigate the dynamic mechanical behavior of the UV-cured
lms. Fig. 8 shows the storage modulus of the UV-cured films with
ifferent SHUA contents as a function of the temperature from
25 to 200 ◦C. E′

rubb is the elastic storage modulus on the rubbery
lateau region. It is interesting to note that E′

rubb first increases and
hen decreases with increasing SHUA content, as shown in Fig. 9.
here are mainly two competitive factors which affect the mod-
lus of the networks in the rubbery state. On the one hand, the
anoreinforcement of the SHUA core on the polymer matrix will
nhance the modulus in the rubbery state. On the other hand, the
ecrease of crosslinking density per unit volume will result in the
ecrease of the storage modulus in the rubbery plateau. It can be
een that the storage modulus for the rubbery state in SHUA/TAEP
etwork with the SHUA content of below 10 wt.% is higher than
hat of TAEP network, which implies that the significant nanore-
nforcement counteracts the effect of reduced crosslinking density
n the storage modulus of the rubbery plateau. With continuing to
nates the negative effect, leading to the tremendous decrease in
′
rubb.

Fig. 8 also shows the plots of loss factor (tan ı) versus tempera-
ure. The glass transition temperature (Tg) of a crosslinked material
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Table 4
Mechanical and physical properties of the cured films

Sample Tensile
strength (MPa)

Elongation at
break (%)

Abrasion
resistance (mg)

Hardness

Pendulum (s) Pencil (H)

TAEP 13.4 2.4 –a 271 3
SHUA5TAEP95 21.6 2.8 19.8 280 3
SHUA10TAEP90 20.2 3.2 18.1 292 3
SHUA20TAEP80 18.5 4.6 14.5 307 4
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HUA30TAEP70 16.1 5.9
HUA40TAEP60 14.4 6.5

a It is too brittle to obtain a good film for abrasion resistance test.

an be determined as the relaxation peak of the tan ı. As shown in
ig. 9, the Tg follows the same trends with the E′

rubb. The nanor-
inforcement on Tg dominates for the hybrid sample with 5 wt.%
HUA content. The bulky inorganic core could restrict the motion of
acromolecular chains, and thus higher temperatures are required

o provide the requisite thermal energy for the occurrence of a
lass transition in the hybrid materials. When the SHUA content is
igher than 5 wt.% in the UV-cured SHUA/TAEP film, the decrease

n crosslinking density dominates and results in the decrease of
g. Moreover, the analysis result on the width of relaxation peaks
hows the trend in network homogeneity for the films with dif-
erent SHUA contents. It can be seen from Fig. 8 that there is no
ignificant difference on the width of relaxation peaks among all
he samples, which implies the good miscibility of SHUA with TAEP.

.6. Properties of UV-cured films

The tensile strength and elongation at break are listed in Table 4.
he tensile strength first increases and then decreases along with
he addition of SHUA to TAEP owing to the two competitive fac-
ors: the nanoreinforcement of the SHUA core and the decrease
f crosslinking density, which is in agreement with the results
btained by DMTA. However, the elongation at break of the cured
lm increases progressively. In other words, the rubbery properties
f the UV-cured hybrid films are significantly improved, which is
ttributed to the reduced crosslinking density and the existence of
large number of flexible aliphatic chains.

From Table 4, it can be also found that the abrasion resistance
f the UV-cured films is enhanced with increasing SHUA content.

s far as the chemical structures of these networks are concerned,

his behavior is to be expected since inorganic component has good
brasion resistance. In addition, there are a lot of urethane struc-
ures in the network, which is another reason for the enhancement
n the abrasion resistance. The pendulum hardness of the UV-cured

Fig. 9. The curves for the variations of Tg and E′
rubb

(200 ◦C) vs. SHUA content.
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ybrid films increases with the increase of SHUA content due to the
anoreinforcement. The pencil hardness is 3H for films with the
HUA content of below 10 wt.% and 4H for those with higher SHUA
ontents, which accords with the results obtained by the pendulum
ardness.

. Conclusions

An organophilic organic–inorganic hybrid urethane acrylate
SHUA) was synthesized by the reaction of IPDI-HEA with
ilsesquioxane bearing terminal hydroxyl groups on the outermost
urface (SBOH) which can be obtained by hydrolytic condensation
f a functionalized precursor in large-scale production without a
edious and time-consuming process. In contrast to conventional
V-curable organic–inorganic hybrid resins, SHUA/TAEP system is

ather stable and the formulating process is convenient.
The viscosity reduced and the photopolymerization rate was

nhanced by the incorporation of TAEP into SHUA. The photopoly-
erization kinetics are significantly affected by the double bond

ensity and viscosity caused by TAEP addition. The elastic stor-
ge modulus on the rubbery plateau region and glass transition
emperature of the cured films first increased and then decreased
long with the content of SHUA in the blend due to the nanorein-
orcement by the inorganic core and the decrease of crosslinking
ensity. The char residue at 850 ◦C increased, whereas the limiting
xygen index decreased with increasing SHUA content. Moreover,
t has been found that the flame retardancy of one part of TAEP
s acting in the gas phase, while another part of TAEP is act-
ng in condensed phase owing to the synergistic effect between
hosphorus–nitrogen and phosphorus–silicon. However, the gas
hase mechanism holds the dominant effect during whole degra-
ation process. Better mechanical and physical properties are also
bserved owing to the synergism between organic and inorganic
omponents.
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