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Abstract Polyhedral oligomeric silsesquioxane (POSS)

reagents have unique hybrid chemical compositions con-

taining nano-sized cage structures with dimensions com-

parable to those of most polymer segments and coils. This

article reports a generalized functionalization scheme of

POSS that is suitable as a nanohybrid with Nylon 6. The

thermodynamic interaction energy density, thermodynamic

solubility parameter, and activation energy of the specific

interaction between Nylon 6 and POSS were examined.

The mechanical, thermal, and morphological properties of

the Nylon 6 nanohybrids were also analyzed and compared

with the theoretical estimation.

Introduction

A polymeric nanohybrid can be defined as a polymer filled

with nanofillers, at least one of whose dimensions are in the

nanometer range from 1 to 100 nm. These nanohybrids

have attracted considerable interest in recent years.

Nanofillers improve the mechanical, barrier, electrical, and

thermal properties of base polymers significantly at a

very low filler concentration compared to conventional

macrocomposites. This has opened up possibilities for

producing high-performance lightweight hybrids without

compromising the other properties, such as optical behav-

ior or weight. Carbon nanotubes/fibers, nanosilica, graph-

ene, and nanoclays are currently the preferred fillers [1–7].

However, a new class of nanofiller, polyhedral oligo-

meric silsesquioxane (POSS), has emerged for use in

nanostructured materials recently. Silsesquioxane is the

term for all structures with the formula (RSiO1.5)n, where R

is hydrogen or any alkyl, alkylene, aryl, arylene, or

organofunctional derivative of alkyl, alkylene, aryl, or ar-

ylene group [8–10]. Silsesquioxanes can form ladder [11],

cage [12, 13], partial cage [14], and polymer structures

[15]. Among the various types of silsesquioxanes, POSS,

which is essentially an organic–inorganic hybrid material,

contains a basic polyhedral silicon–oxygen nanostructured

skeleton or cage, with a precisely defined Si–Si diameter of

0.53 nm. The cage may contain 8 (a cube-like cage) or 12

Si atoms located at the corner of the cage, surrounded by 8

or 12 organic groups, respectively [8]. The POSS chemistry

is quite versatile, and it is possible to attach different

functional or nonfunctional organic groups (R) to the cor-

ner Si molecules for further reactions. These organic

groups can make these POSS molecules compatible with

polymers or monomers. Such covalent POSS incorporation

can lead to substantial improvements in polymer proper-

ties, including increases in the operation temperature,

oxidation resistance, surface hardening, and mechanical

properties, as well as decreases in flammability, heat evo-

lution, and viscosity during processing [16–23]. POSS

nanostructured chemicals can be incorporated into com-

mon polymers via coordination polymerization [24], ring-

opening metathesis polymerization [25], conventional free

radical polymerization [26], living/controlled free radical

polymerization [27], condensation polymerization [28],
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melt mixing [29–31], and hybrid systems along with other

fillers [32], etc.

While considerable effort has been focused on the devel-

opment of new POSS-containing nanohybrids as high-per-

formance materials, reports on the specific interaction

between the polymer matrix and POSS are seldom found.

This study examined the thermodynamic interaction of binary

components in nanohybrids containing a few percent of POSS

nanoparticles, which were functionalized with aminopro-

pylisobutyl-, aminopropylisooctyl-, or aminopropylphenyl

groups, in a Nylon 6 matrix. The thermodynamic interaction

was described by the thermodynamic interaction energy

density based on the classical Flory–Huggins theory using the

melting point depression method [33, 34]. The thermody-

namic solubility parameters of Nylon 6 and the functional-

ized-POSS were evaluated to determine the Flory–Huggins

interaction parameter based on the method reported by

Hoftyzer and Van Krevelen, and Hoy. The interaction

between Nylon 6 and POSS was also characterized by mea-

suring the activation energy using the Kissinger method.

Experimental

Materials and preparation method

Nylon 6 was purchased from the Aldrich Chemical Co. The

POSS nanoparticles, aminopropylisobutyl-POSS (C31H71

NO12Si8, FW = 874.58, denoted as AB), aminopropylisooc-

tyl-POSS (C59H127NO12Si8, FW = 1267.32, denoted as AO),

and aminopropylphenyl-POSS (C45H43 NO12Si8, FW =

1014.52, denoted as AP), were purchased from Hybrid Plas-

tics Inc., and were used as received. Figure 1 shows the

chemical structures of the POSS-derivatives. Nylon 6 nano-

hybrids with POSS were prepared using the melt mixing

method. After melting Nylon 6 at 230 �C using a torque

rheometer (Plastograph EC, Brabender, Germany), the POSS

was added at concentrations of 0.5, 1, and 2 wt% and mixed

for 10 min.

FE-SEM and FT-TEM observations and mechanical

analysis

The microstructure and elemental compositions of the dis-

persive POSS nanoparticles in the Nylon 6 matrix were

examined by field-emission scanning electron microscopy

(FE-SEM, S-4300, Hitachi, Japan) with an attached X-ray

energy dispersive spectrometer (EDX) (E-1030, Horiba,

UK). The samples for FE-SEM were coated with gold before

the FE-SEM measurements. The electron beam spot size

used in the EDX was approximately 5 nm in diameter. Field-

emission transmission electron microscopy (FE-TEM, JEM

2100F, JEOL, Japan) was performed at an accelerated

voltage of 100 kV. All ultrathin sections (less than 3 lm)

were microtomed using an ultramicrotome (RMC-MTX,

USA) with a diamond knife and observed by FE-TEM

without staining. The mechanical properties of the Nylon

6/POSS nanohybrid films were examined using the uniaxial

elongation method on a universal test machine (UTM,

Hounsfield Test Equipment, UK) at room temperature. The

sample size had typical dimensions of 10 mm (wide) 9

50 mm (length) 9 0.1 mm (thickness).

Thermodynamic interaction energy density

and activation energy

Differential scanning calorimetry (DSC) (Pyris Diamond

DSC, Perkin-Elmer, USA) was used to determine the inter-

action energy density of the Nylon 6/POSS nanohybrids by

monitoring the change in the melting point. To measure the

equilibrium temperature (Tm
0 ), the sample was heated to

240 �C, maintained at that temperature for 5 min to insure

complete melting of the Nylon 6 crystals, quenched to the

crystallization temperature at a cooling rate of 150 �C min-1,

Tc (Tc,1 = 185 �C, Tc,2 = 190 �C, Tc,3 = 195 �C, and

Tc,4 = 200 �C), kept at Tc for at least 30 min, and then heated

at a heating rate of 20 �C min-1. The thermal stability of the

nanohybrid was examined by thermogravimetric analysis

(TGA, Q50, TA Instruments, USA). The samples were also

heated to 750 �C at heating rates of 10, 20, and 40 �C min-1

with air purging to estimate the activation energy.

Results and discussion

Characterization of the POSS dispersion

in the nanohybrids

The nanostructure formation of Nylon 6/POSS nanohybrids

was examined by X-ray EDX mapping analysis using

Fig. 1 The chemical structures of the POSS-derivatives
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FE-SEM. The FE-SEM images of the NyAB 0.5 (the

number refers to the weight percent of POSS) and NyAB2

nanohybrids in Fig. 2 show filled circles corresponding to a

Si-rich zone, indicating a uniform and fine dispersion of

POSS domains. The weight percentage of Si obtained from

the EDX analysis was similar throughout the entire Nylon

6 matrix, indicating that the dispersion of POSS is homo-

geneous. The Nylon 6 nanohybrids were also characterized

on the nanometer scale using FE-TEM. As shown in Fig. 3,

the FE-TEM images of the NyAB0.5 and NyAP0.5 nano-

hybrids showed dark zones that coincided with the POSS-

rich zones due to the higher electron density of silicon

atoms. A uniform and fine dispersion of POSS in the Nylon

6 matrix was also observed.

Melting point depression and interaction parameter

determination

The thermodynamic interaction parameter, v, is an

important measure of the solubility of polymers in solvents

and of the compatibility between pairs of chemical species

such as polymer–polymer and polymer–nanoparticle com-

binations. The v can be obtained from a range of experi-

mental methods, such as an analysis of the melting point

depression [3, 35], or a comparison of the solubility

parameters [4], heats of mixing [36], cloud points [37],

light scattering data [38], osmotic pressures [39], recoil

spectrometry calculations [40], and inverse gas chroma-

tography measurements [41].

Nishi and Wang [35], in their analysis of the decrease in

melting temperature of a crystalline polymer in the pres-

ence of an amorphous one, derived a simple equation that

relates the melting point depression directly to the inter-

action parameter as follows.

T0
m � T0

mix ¼ �B
Viu

DHiu

T0
mð1� /iÞ

2 ð1Þ

where Tm
0 and Tmix

0 are the equilibrium melting tempera-

tures of the semicrystalline polymer and mixture, respec-

tively, DHiu/Viu is the heat of fusion of the semicrystalline

polymer per unit volume, /i is the volume fraction of the

Fig. 2 X-ray EDX mapping analysis of a NyAB 0.5 and b NyAB 2

nanohybrids
Fig. 3 FE-TEM images of a NyAB 0.5 and b NyAP 0.5 nanohybrids
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semicrystalline polymer, and B is the interaction parameter

between the two components. The negative value of B for

the binary system indicates that the two chemical species

make a thermodynamically stable and compatible mixture.

As shown in Fig. 4, the equilibrium melting temperatures

of the pure Nylon 6 and Nylon 6/POSS nanohybrids were

obtained using the Hoffman–Weeks plots and are listed in

Table 1.

Figure 5 shows the melting point depression of Nylon 6 in

the Nylon 6/POSS nanohybrids as a function of the Nylon 6

content. According to Eq. 1, the B values for the Nylon

6/POSS nanohybrids were determined from the slope of a

straight line of Fig. 5. When the values of 104.2 cm3 mol-1

and 7241.9 cal mol-1 were used for Viu and DHiu, respec-

tively, the estimated thermodynamic interaction energy

densities were -0.417, -0.357, and -0.238 cal cm-3 for

BNyAB, BNyAO, and BNyAP, respectively, suggesting that the

Nylon 6 with ABPOSS is the most thermodynamically

favorable.

The thermodynamic interaction between Nylon 6 and

the POSS-derivatives was further predicted using the sol-

ubility parameter, d, which is the square root of the cohe-

sive energy density (the energy of vaporization per unit

volume). Calculations based on group contributions were

used for the solubility parameters of the polymers because

it was not possible to obtain the molar vaporization ener-

gies for the polymers. There are several tables showing the

molar attraction constants that can be used to calculate the

solubility parameters [38]. In general, the Small and Hoy

method is used to compute the solubility parameter due to

its simplicity. However, it was assumed that no specific

forces, such as a dispersion force, polar force and hydrogen

bonding, are active between the structural units of the

substances involved. Therefore, the Small and Hoy method

is unsuitable for crystalline polymers. In this study, the

solubility parameter of Nylon 6 and POSS-derivatives was

calculated using the following equation according to the

Hoftyzer and van Krevelen method [42].

dd ¼
P

Fdi

V
; dp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiP
F2

pi

q

V
; dh ¼

ffiffiffiffiffiffiffiffiffiffiffiffiP
Ehi

V

r

ð2Þ

d2
t ¼ d2

d þ d2
p þ d2

h ð3Þ

where dd, dp, and dh are the dispersion, polar, and hydrogen

bonding components of the solubility parameter, respec-

tively. Fdi and Fpi are the dispersion and polar portions of

the molar attraction constant. The F-method is not appli-

cable to the calculation of dh. Hansen has already stated

that the hydrogen bonding energy Ehi per structural group

is relatively constant, which leads to the form of Eq. 2. For

molecules with several planes of symmetry, dh = 0. Two

assumptions were made to calculate the solubility param-

eters of polymers and POSS using the Hoftyzer and van

Krevelen method. POSS is inherently an organic/inorganic

hybrid, and it is commonly believed that the inorganic part

of the POSS does not react completely in organic materials.

Therefore, it was assumed that the functional group in the

outer part of the POSS dominates the solubility parameter,

and the inorganic part with siloxane bonding of POSS was

excluded from the calculation of the solubility parameter.

Fig. 4 Hoffman–Weeks plots of a NyAB and b NyAP nanohybrids

Table 1 Measured equilibrium melting temperatures for the Nylon 6/POSS nanohybrids

Ny NyAB NyAO NyAP

wt%a 100/0 99.5/0.5 99/1 98/2 99.5/0.5 99/1 98/2 99.5/0.5 99/1 98/2

Tmix
0 (�C) 231.1 229.9 228.4 227.4 228.6 227.8 226.4 227.9 227.0 226.4

a The weight percent of Nylon 6 and POSS
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Table 2 lists the calculated solubility parameters for the

polymers and POSS. For all polymers and POSS-derivatives

in this study, the maximum difference in the solubility

parameter showed the lowest value in the POSS function-

alized with the isobutyl group. The meaning of the maxi-

mum difference of solubility parameter can be explained by

Eq. 4, which interrelates the thermodynamic terms [42, 43].

vAB ¼
Vr

RT
ðdA � dBÞ2 ð4Þ

where vAB is the Flory–Huggins interaction parameter of

polymer A and POSS B, R and T are the gas constant and

temperature, and Vr is the reference volume which is the

molar volume of the smallest repeat unit. Therefore, it is

expected that the interaction between Nylon 6 and POSS

functionalized with an isobutyl group would be more

thermodynamically favorable than the others. These results

corresponded to the result based on the melting point

depression method.

Activation energy

The activation energy of the polymer/POSS nanohybrids

was estimated by using the Kissinger’s equation shown

below [44].

ln
b

T2
max

¼ ln
AR

E
þ ln½nð1� amaxÞn�1�

� �

� E

RTmax

ð5Þ

where b is the heating rate (K min-1), Tmax is the tem-

perature corresponding to the inflection point of the ther-

mal degradation curve at the maximum degradation rate,

A is the pre-exponential factor, amax is the maximum

conversion, and n is the reaction order. Tmax was deter-

mined from the differential TGA curves. Figure 6 shows

plots of ln(bTmax
-2 ) versus 1/Tmax according to Kissinger’s

method for the Nylon 6 and Nylon 6/POSS nanohybrids

containing 0.5 wt% POSS. The activation energies of the

Nylon 6, NyAB, NyAO, and NyAP nanohybrids, which

were calculated from the slope of the straight line in Fig. 6,

were 2.49, 5.91, 4.82, and 4.16 kJ mol-1, respectively. The

Fig. 5 Plots of the equilibrium melting points of Nylon 6 in the

a NyAB and b NyAP nanohybrids

Table 2 Solubility parameters of Nylon 6 and POSS-derivatives

Fd (J1/2 cm3/2 mol-1) Fp (J1/2 cm3/2 mol-1) Eh (J mol-1) V (cm3 mol-1) dd (J1/2 cm-3/2) dp dh d

Ny 450 980 5100 28.3 15.9 34.6 13.4 18.0

AB 1190 0 0 68.2 17.5 0 0 17.5

AO 2870 0 0 154.4 18.6 0 0 18.6

AP 1430 110 0 74.5 19.2 1.5 0 19.3

Fig. 6 Determination of the activation energies for the neat Nylon 6

and Nylon 6 nanohybrids
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NyAB nanohybrid showed the highest activation energy,

meaning that the ABPOSS was dispersed most uniformly

throughout the Nylon 6 matrix due to the increased inter-

action between Nylon 6 and ABPOSS.

Thermal and mechanical properties

The thermal and mechanical properties of Nylon 6/POSS

nanohybrids were also analyzed for comparison of their

theoretical and experimental results. Figure 7 shows the

thermal decomposition temperatures (5 wt% loss) of the

Nylon 6/POSS nanohybrids examined by TGA. As shown

in Fig. 7, the decomposition temperatures of the nanohy-

brids were higher than that of Nylon 6, demonstrating that

the thermal stability of nanohybrids is enhanced consider-

ably by the incorporation of inorganic POSS [45–47].

Among the nanohybrids, the decomposition temperature of

the NyAB nanohybrid was higher than that of the NyAO

and NyAP nanohybrids. This might be due to the fact that

the oxidation of the alkyl-substituted POSS in air occurs on

the organic chains, which leads to a cage crosslinking to

produce a ceramic silica-like phase [48].

Being independent of the type of POSS, the mechanical

properties of the nanohybrids were higher than those of the

neat Nylon 6, as shown in Fig. 8. The results showed that

the proper incorporation of POSS could effectively

enhance the mechanical properties of the Nylon 6 resin

[46, 49]. In addition, the maximum tensile strength, tensile

modulus, and elongation at break were obtained in the

NyAB nanohybrid, indicating that the interaction between

Nylon 6 and alkyl-substituted POSS is more favorable than

that of NyAO and NyAP.

Conclusion

The thermodynamic interaction energy densities, B values,

between Nylon 6 and POSS-derivatives in a Nylon 6/POSS

Fig. 7 TGA thermograms of

the neat Nylon 6 and Nylon 6

nanohybrids. The POSS content

was fixed at 0.5 wt%

Fig. 8 a Tensile strength, b tensile modulus, and c elongation

at break of Nylon 6/POSS nanohybrids
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nanohybrid were determined using the melting point

depression method. The B values were -0.417, -0.357,

and -0.238 cal cm-3 for BNyAB, BNyAO, and BNyAP,

respectively, suggesting that the thermodynamic interac-

tion between Nylon 6 and ABPOSS is the most favorable.

The solubility parameter of Nylon 6 and the POSS-deriv-

atives was calculated using the Hoftyzer and van Krevelen

method to examine the thermodynamic interaction between

the pairs. Based on the calculated values of the Flory–

Huggins interaction parameters, Nylon 6 and ABPOSS

were quite compatible, whereas NyAO and NyAP were

less so. The activation energy data also indicated a better

association between the Nylon 6 matrix and ABPOSS than

that between Nylon 6 and the NyAO and NyAP nanohy-

brids. The thermal and mechanical properties of the Nylon

6 nanohybrids corresponded well with the results based on

the thermodynamic interaction energy density, solubility

parameter calculation, and activation energy.
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