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Abstract: Unsaturated polyester resins (UPR) were prepared by the melt condensation method based on adipic
acid, o-phthalic anhydride, maleic anhydride and ethylene glycol in the presence of PSS-(2,3-propanediol)propoxy-heptaisobutyl substituted (PSS-POSS) or/and 9 wt%
[(6-oxide-6H-dibenz(c,e)(1,2)oxaphosphorin-6-yl)methyl]
butanedioic (DDP). We synthesized UPR containing DDP
(DDP-UPR) and UPR containing both DDP and PSS-POSS
(DDP-PSS-POSS-UPR series). The chemical structures of
the modified polyesters were characterized and confirmed
by Fourier transform infrared (FTIR) and 31P nuclear
magnetic resonance (31P NMR). The thermal stability and
flammability behaviors of UPR were evaluated by thermogravimetric analysis (TGA) and limited oxygen index (LOI)
and the vertical burning test. The morphology of residual
char of UPR was shown by scanning electron microscopy
(SEM). The results indicate that the incorporation of PSSPOSS has little influence on the thermal stability of DDPUPR, but enhances the flame retardance of DDP-UPR, and
when the PSS-POSS content reaches 10 wt%, the DDPPSS-POSS-UPR has better flame retardance.
Keywords: [(6-oxide-6H-dibenz(c,e)(1,2)oxaphosphorin6-yl)methyl]butanedioic (DDP); (2,3-propanediol)propoxy-heptaisobutyl substituted (POSS); flame retardance;
thermal stability; unsaturated polyester resins (UPR).
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1 Introduction
In recent years, polyhedral oligomeric silsesquioxanes
(POSS) have attracted considerable interest in the area of
polymer nanocomposites (1–4) because of their special
organic-inorganic hybrid structure. POSS consist of a cagelike inorganic Si-O frameworks (SiO1.5)x and several organic
substituents which attached to each Si atom (5). The inorganic framework is ceramic in nature, providing thermal
stability and rigidity, while the organic substituents compatibilize the molecule, allowing it to dissolve in polymers,
solvents and coatings (6, 7). Further, the organic substituents of POSS vary from reactive groups (alkyene, hydroxy,
etc.) to nonreactive groups (hydrogen, alkyl, etc.). The reactive groups in POSS can not only be homopolymerized, but
also can copolymerize with other monomers. The nonreactive groups of POSS make them compatible with polymers.
Due to different types of organic substituents, nonreactive
or reactive, POSS derivatives can be effectively incorporated
into polymers by covalent bonds (8), or even simple physical
blending (9, 10) to improve their mechanical properties. POSS
molecules can bond the polymer backbones inside the chain
or end groups (11–13), thus the compatibility between POSS
and polymers can have a good improvement and results in a
homogeneous distribution of inorganic in the organic phase.
For example, Chiu (14) synthesized the sulfone epoxy (SEP)/
polyhedral oligomeric silsesquioxane (POSS) nanocomposite which contains bulky POSS side chains by the polyaddition method. The results show that POSS were dispersed
uniformly in the epoxy matrix and the thermal properties
and flame retardance were both improved.
Unsaturated polyester resin (UPR) is one of the most
important thermoset materials due to its outstanding properties, including being easily controllable and its fast cure
processes at room temperature (15, 16). However, the disadvantage of high flammability limits the widespread applications of UPR. Therefore, it is necessary to modify UPR to
obtain better flame retardance. [(6-Oxide-6H-dibenz(c,e)
(1,2)oxaphosphorin-6-yl)methyl]butanedioic (DDP) is a kind
of phosphorous-containing flame retardant and contains
two carboxyls that can chemically link to the molecular
chain of UPR with propylene glycol. It had been reported
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that conventional UPR were modified with DDP (17, 18). The
results show the thermal behavior of DDP-UPR is slightly
affected while the flame retardance is significantly improved.
In addition, the POSS derivative PSS-(2,3-propanediol)
propoxy-heptaisobutyl (PSS-POSS) is also a good modifier
for UPR, and its structure is shown in Scheme 1. There are
seven nonreactive and one reactive organic substituent
with two hydroxyl groups which can be reacted with carboxyl groups in PSS-POSS. At present, there are no reports
about UPR modified with PSS-POSS. In our previous work,
UPR containing DDP (DDP-UPR) and UPR containing both
DDP and PSS-POSS (DDP-PSS-POSS-UPR) had been synthesized and investigated. We focus on the influence of
PSS-POSS on thermal stability and flame retardance of
DDP-UPR, changing the content of PSS-POSS in UPR to
obtain the DDP-PSS-POSS-UPR series.
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Scheme 1: The structural formula of PSS-(2,3-propanediol)propoxyheptaisobutyl substituted.

Table 1: Compositions of the prepared unsaturated polyesters.

2 Experimental

Materials (g)

2.1 Materials

EG
PA
MA
Adipic acid
DDP
PSS-POSS

Adipic acid, o-phthalic acid (PA) and ditin butyl dilaurate
(95%) were all purchased from the Aladdin Industrial Co.,
Ltd. (Shanghai, China); ethylene glycol (EG) and maleic
anhydride (MA) were supplied by the Tianjin Fuyu Fine
Chemical Co., Ltd. (Tianjin, China); styrene was supplied by
the Sinopharm Chemical Reagent Co., Ltd. (Beijing, China);
DDP was purchased from the Zhejiang Province Chemical
Industry Research Institute Co., Ltd. (Hangzhou, China);
PSS-POSS was purchased from Hybrid Plastics (USA).
Cyclohexanone peroxide and cobalt naphthenate were supplied by the Aladdin Industrial Co., Ltd. (Shanghai, China).

2.2 S
 ynthesis of unsaturated polyesters
Unsaturated polyesters (UP) based on the reaction of
adipic acid, phthalic acid, maleic anhydride, ethylene
glycol, DDP and PSS-POSS were prepared by the melt condensation method. The amounts of reactants are given in
Table 1 and the ratio of acid/glycol is designed as 1:1.1 (mol
ratio). The reaction mixture was stirred under a continuous nitrogen flow and heated in an oil bath. Ditin butyl
dilaurate was added when the system temperature rose
to 120°C. The reaction was run for 3 h at 175°C and then
the temperature was increased to 190°C until the acid
value dropped to 50 mg/KOH. Afterwards, the products
were maintained at 165°C in vacuum conditions for 1 h
to remove water and the unreacted monomers, and then

UP0

23
11.94
18.04
10.57
0
0

DDP-UP

21
11.94
18.04
6.22
6.35
0

DDP-PSS-POSS-UP
1

2

3

20
11.94
16
6.22
6.35
3.3

18
11.94
15
6.22
6.35
6.6

17
11
14
6.22
6.35
9.9

a small amount of polyesters were taken out for further
tests. At the end, the products were cooled to 100°C and
diluted using a sufficient quantity of styrene to obtain
65% solution of unsaturated polyesters with hydroquinone. The reaction equation of unsaturated polyesters
modified with DDP and PSS-POSS is shown in Scheme 2.

2.3 C
 uring of the prepared unsaturated
polyesters
The polyesters were cross-linked with styrene in the presence of cyclohexanone peroxide as an initiator and cobalt
naphthenate as an accelerant. The mixtures which had
been stirred evenly were poured into the mould for 24 h
and then post cured further at 80°C in a thermostated
oven until the unsaturated polyesters and styrene were
cured completely. The cured UP0, DDP-UP and DDP-PSSPOSS-UP1, DDP-PSS-POSS-UP2, DDP-PSS-POSS-UP3 were
named, respectively, UPR0, DDP-UPR and DDP-PSSPOSS-UPR1, DDP-PSS-POSS-UPR2, DDP-PSS-POSS-UPR3.
Scheme 3 shows the curing between unsaturated polyesters and styrene.
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Scheme 2: The reaction process of DDP-PSS-POSS-UP2.

2.4 Characterization
Fourier transform infrared (FTIR) spectroscopy was
carried out with a Perkin Elmer Spectrum One (USA) in the
wavenumber range 4000–450 cm−1 with a resolution of
4 cm−1. The specimens for the FTIR were pressed into films.
31
P nuclear magnetic resonance (NMR) spectra were run
on a Varian Inova 600 NMR Spectrometer (USA). Eightyfive percent H3PO4 solution was used as external standard
and δ = 0 ppm. Thermogravimetric analysis (TGA) was
performed on a Mettler Toledo-TGA1 (Switzerland) at a
heating rate of 20°C/min from 30°C to 800°C under a nitrogen atmosphere. Limited oxygen index (LOI) was investigated according to GB/T2406-93 using ZR-01 (QingDao
ShanFang Instrument Co., Ltd.). The size of the specimen was about 150 × 10 × 4 mm3; a vertical burning test
was performed according to GB/T2048-2008 using ZR-02
(ShanFang Instrument Co., Ltd.). The size of specimen was
about 150 × 13 × 4 mm3 and there were five specimens for
each parallel test at least. Scanning electron microscopy
(SEM) images were obtained with a JSM6510LV (Japan).

3 Results and discussion
3.1 C
 haracterization of the prepared
unsaturated polyesters structures
The extracted unsaturated polyesters were dissolved
in methylene chloride and washed several times with
deionized water. After removing the solvent with a rotary

evaporator, the polyesters were dried in a vacuum oven.
The finally obtained pure unsaturated polyesters were
used for FTIR and NMR.
The molecular structures of UP0 and DDP-UP before
adding styrene were identified by FTIR. The FTIR spectra
and assignment of UP0 and DDP-UP are shown in Figure 1
and Table 2. It was found that both UP0 (Figure 1A) and
DDP-UP (Figure 1B) contained the same peaks: 1728 cm−1 and
1285 cm−1 (ester groups), 1645 cm−1 (olefinic double bond) and
3500 cm−1 (hydroxyl groups), indicating UP0 and DDP-UP
possess a similar ester structure. However, it can be seen that
a new peak appeared at 916 cm−1 in Figure 1B compared with
that of Figure 1A, which should be attributed to the P-O bond
of DDP, it means that DDP had participated in the reaction
and had linked with the molecular chain of UP successfully.
The FTIR spectra of PSS-POSS, DDP-UP and DDP-PSSPOSS-UP are presented in Figure 2. For PSS-POSS (Figure 2A),
the peaks at 3500 cm−1 correspond to the stretching vibration
of O-H, and the broad peaks at 2950 cm−1 are attributed to the
stretching vibration -CH3 and -CH2, and the peaks at 1108 cm−1
and 479 cm−1 belong to the stretching vibration of Si-O-Si. It
is obvious to find that two new peaks of DDP-PSS-POSS-UP
(Figure 2C) appear at 1108 cm−1 and 479 cm−1, indicating the
existence of the Si-O-Si bond in DDP-PSS-POSS-UP. In addition, the characteristic peaks such as 1730 cm−1 and 1645 cm−1
which are separately assigned to the bonds C=O and C=C are
also observed. Those results verify that UP modified with
PSS-POSS were prepared successfully.
Moreover, Figure 3 shows the 31P NMR spectra of
DDP-PSS-POSS-UP2, DDP and DDP-UP. 31P in the DDP
molecule (Figure 3B) show peaks at 39 ppm, and DDP-UP
(Figure 3A) and DDP-PSS-POSS-UP2 (Figure 3C) have peaks
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Table 2: Assignment of FTIR spectra of UP0 and DDP-UP.

UP0
3500
3075
2957, 1448
1728, 1285
1645
1597, 1580
DDP-UP
3500
2957, 1448
1728, 1285
1645
1597, 1580
1477, 916
745

B

Assignment
-OH stretching vibration
=CH- stretching vibration
-CH2- stretching vibration, bending vibration
C=O and C-O-C stretching vibration of ester
groups, respectively
C=C stretching vibration
C-C stretching vibration of aromatic ring

Transmittance (%)

Wavenumber (cm−1)

A
3500

-OH stretching vibration
-CH2- stretching vibration, bending vibration
C=O and C-O-C stretching vibration of ester
groups, respectively
C=C stretching vibration
C-C stretching vibration of aromatic ring
P-C and P-O-C stretching vibration
C-H bending vibration of the orthodisubstituted aromatic ring

at 36–37 ppm. The chemical shift has a little change due to
the difference between the chemical environments of 31P.
The curing of UPR occurred between the carboncarbon double bonds. The carbon-carbon double bonds
of UP which were provided by maleic anhydride reacted
with styrene through free radical polymerization in the
presence of an initiator and accelerant.
Figure 4A and B exhibit the uncured and cured IR
spectra of UPR0, respectively. Before curing, an obvious
characteristic peak at 1645 cm−1 appears, which belongs
to the olefinic bonds, but the peak at 1645 cm−1 clearly

916
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1285

1728
4000

3500
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2500
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500

Wavenumber (cm–1)

Figure 1: The FTIR spectra of UP0 (A) and DDP-UP (B).

disappeared after curing. It inferred that the UP can form
the linkage with styrene to obtain UPR.

3.2 Thermogravimetric analysis
The thermograms of cured UPR are shown in Figure 5.
The relevant thermal decomposition data are all given in
Table 3. T5 and Tmax are defined as the temperature at 5 wt%
weight loss and at maximum weight loss rate, respectively.
In Figure 5A, it is noteworthy that there are two steps
for the UPR0 curve and only one step for the DDP-UPR
and DDP-PSS-POSS-UPR series curves. The step between
200°C and 400°C with the DTG peaks at 380°C–390°C in
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Figure 2: The FTIR spectra of PSS-POSS (A), DDP-UP (B) and DDPPSS-POSS-UP (C).
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Figure 4: The FTIR of UPR0: before curing (A) and after curing (B).
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Figure 3: The 31P NMR spectra of DDP-PSS-POSS-UP2 (A), DDP (B)
and DDP-UP (C).

all prepared UPR results from the degradation of ester
bonds of polyesters (19), and the step in UPR0 between
420°C and 580°C with the DTG peak at 520°C is attributed
to the total degradation of the samples (20). As shown in
Table 3, the char yield of DDP-PSS-POSS-UPR2 is 9.78%,
much higher than that of DDP-UPR (3.53%) and UPR0
(0.22%) at 750°C. It inferred that DDP and PSS-POSS can
promote the formation of char yield. The coverage of
high residual char on DDP-UPR and DDP-PSS-POSS-UPR
series matrix reduced the conduction of heat and hindered the further decomposition of the polyester resins
(21, 22). This can explain why the TGA curves of DDP-UPR

–0.005

UPR0
DDP-UPR
DDP-PSS-POSS-UPR1
DDP-PSS-POSS-UPR2
DDP-PSS-POSS-UPR3

min (%)

100 90

–0.010

–0.015
200
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800

T (°C)

Figure 5: TGA (A) and DTG (B) curves of UPR0, DDP-UPR and DDPPSS-POSS-UPR series.

and DDP-PSS-POSS-UPR series trend to be flat after the
first decomposition. In addition, it can be found that T5
decreases with the incorporation of PSS-POSS and DDP in
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Table 3: TGA and DTG data of UPR0, DDP-UPR and DPP-PSS-POSSUPR series.

UPR0
DDP-UPR
DDP-PSS-POSS-UPR1
DDP-PSS-POSS-UPR2
DDP-PSS-POSS-UPR3

TG

DTG

T5 (°C)

Tmax (°C)

207
203
195
186
188

373
388
390
390
388

Char yield at
750°C/%

80

0.22
3.53
7.75
9.78
8.90

60

Weight (%)

Samples

100

UPR0
DDP
PSS-POSS

40

20

Table 3. This is because the bond P-C in the DDP-UPR and
DDP-PSS-POSS-UPR series has lower bond energy, which
cracked easily during heating (23). Moreover, the inorganic core of PSS-POSS which connected to the side chain
of UPR molecular has a bulky volume that easily forms
space steric hindrance during chemical reactions with
DDP. This resulted in producing many oligomers, which
are also prone to decompose at the beginning of heating.
In Figure 5A, the TGA curve of DDP-UPR is obviously
above the UPR0 curve between 300°C and 400°C, and
Tmax of DDP-UPR is higher than that of UPR0. These consequences illustrate the thermal stability of DDP-UPR is significantly improved compared with UPR0. Figure 6 shows
the TGA curves of UPR0, DDP and PSS-POSS, it can be
seen that the thermal stability of UPR0 is lower than that
of DDP and PSS-POSS before 300°C, and after 300°C, DDP
gets higher thermal stability than UPR0 and PSS-POSS. In
conjunction of Figures 5 and 6, it can be inferred that DDP
makes the major contribution to the improvement of high
temperature thermal stability of UPR0. Therefore, due to
the relatively poor thermal stability of PSS-POSS itself, the
incorporation of PSS-POSS has little effect on the thermal
stability of DDP-UPR.

3.3 Flammability analysis
The flammability was investigated by the LOI test and the
vertical burning test. The results of LOI test and vertical
burning tests are given on Table 4.
As listed in Table 4, the LOI value of DDP-UPR is 24%,
which is higher than that of UPR0, indicating DDP has a
small influence on the LOI of UPR. Meanwhile, we can
figure out that the LOI values of DPP-PSS-POSS-UPR series
are higher than that of DDP/UPR and increase slightly with
the content of PSS-POSS. When the PSS-POSS content
reaches 10 wt%, the LOI value is 26.4%, achieving the best
flame retardance in DPP-PSS-POSS-UPR series. In addition, the vertical burning results exhibit that UPR0 and

0
0

200

400

600

800

T (°C)

Figure 6: The TGA curves of DDP, PSS-POSS and UPR0.

Table 4: The flammability data of UPR0, DDP-UPR and DPP-PSSPOSS-UPR series.
Samples

UPR0
DDP-UPR
DPP-PSS-POSS-UPR1
DPP-PSS-POSS-UPR2
DPP-PSS-POSS-UPR3

LOI
(%)
22
24
24.6
26.4
26

Vertical burning test
t1 + t2 (s)
>60
>60
>60
25.7
28

Dripping

Rating

No
No
No
No
No

Burning
Burning
Burning
V-1
V-1

t1 + t2, The average value of five test samples.

DDP-UPR do not achieve any rating, and DPP-PSS-POSSUPR2 and DPP-PSS-POSS-UPR3 can achieve a V-1 rating.
These mean that the PSS-POSS has flame-retardant efficiency on DDP-UPR. Considering of the flame retardance
mechanism of PSS-POSS, it was reported that the decomposition products of DPP-PSS-POSS-UPR series have a
silica-like structure (24). The structure has poor thermal
conductivity that can act as a heat transfer barrier, restricting the flammability (25). Moreover, DDP and PSS-POSS
can promote the formation of the char yield as shown in
Table 3. The aggregation of the char yield behaves with
good thermal insulation properties and limits the production of combustible gases (26), it also benefits the
enhancement of flame retardance.

3.4 Morphology of char layer
Figure 7 shows the SEM images of the char layers of UPR0,
DDP-UPR and DPP-PSS-POSS-UPR2 after the vertical
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Figure 7: The SEM photos of residual char after the vertical burning test: UPR0 (A); DDP-UPR (B); DDP-PSS-POSS-UPR2 (C) (magnification
×5000; scale bar: 5 μm).

burning test. A loose and nubby char layer with lots of
large holes distributed on the surface could be observed
in the UPR0 (Figure 7A), and the surface of the char layer
shows no expansion. On the contrary, the char layer of the
Figure 7B and C exhibit much more compact and continuous morphology with a spot of cracks on the surface and
both have expansion. This expansion structure hinders
the gas diffusion and heat transfer, resulting in the good
flame-retardant property of the DDP-UPR and DDP-PSSPOSS-UPR series (27).

4 Conclusion
Unsaturated polyester resins (UPR) modified with DDP and
PSS-POSS were successfully synthesized by the method of
melt condensation. The incorporation of DDP increases
the thermal stability of DDP-UPR in 300°C–400°C, but the
influence of PSS-POSS on the enhancement of thermal
stability in the DDP-PSS-POSS-UPR series is not obvious.
When the PSS-POSS content reached 10 wt%, the DPP-PSSPOSS-UPR series show excellent flame retardance. Besides,
the char yield rises from 3.53% to 9.78% with the increased
content of PSS-POSS at 750°C, inferring an improvement
of thermo-oxidation retardance. A dense protective char
layer was observed in the DDP-PSS-POSS-UPR2 residual

char from SEM, and this is in agreement with good flameretardant performance in the vertical burning test.
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