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Abstract. The rapid development of covalent adaptable networks or vitrimers shows promise for 

addressing the long-standing recycling issues associated with conventional, permanently cross-

linked thermosets. At the same time, it is important to demonstrate that properties of 

reprocessable polymer networks can be optimized to meet the ongoing demand for high-

performance materials. We have fabricated reprocessable polyhydroxyurethane (PHU) network 

composites reinforced with reactive polyhedral oligomeric silsesquioxane (POSS). With 

functionalized POSS serving as a fraction of the cross-linkers, the PHU–POSS network 

nanocomposites exhibit significantly enhanced storage modulus at the rubbery plateau region 

relative to the neat PHU network. With up to 10 wt% POSS loading, these network composites 

can undergo melt-state reprocessing at 140 C with 100% property recovery associated with 

cross-link density. We also show that hydroxyurethane dynamic chemistry leads to excellent 

creep resistance at elevated temperature up to 90 °C and is unaffected by reactive incorporation 

of POSS. This study demonstrates the effectiveness of POSS as nanofillers for designing high-

performance, organic−inorganic dynamic PHU networks with excellent reprocessability. 
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1. Introduction 

Thermosets have many advantages over thermoplastic materials including improved heat 

stability, solvent resistance, and enhanced physical properties because of their permanent 

network structures. However, the proper disposition of end-of-use thermosets remains a key 

challenge because the permanent cross-links that make these materials strong and useful prevent 

them from being melt-reprocessed or reshaped. In recent years, covalent adaptable networks 

(CANs) [1,2], also called dynamic covalent polymer networks (DCPNs) [3], have been 

developed to overcome the recyclability challenges associated with conventional thermosets. 

CANs contain a sufficient number of dynamic linkages to allow the materials to undergo 

network reconfiguration and thus to achieve recyclability under appropriate conditions [1]. Since 

the landmark study by Wudl and coworkers on a thermally re-mendable network designed with 

the Diels–Alder (DA) reaction [4], there has been considerable progress in developing CANs 

with numerous dynamic chemistries. These include dissociative chemistries such as hindered 

urea exchange [5–8], alkoxyamine chemistry [9–11], and bis(hindered amino) disulfide 

chemistry [12,13], and associative chemistries such as transesterification [14–17], boronic ester 

interchange [18–20],  and transamination of vinylogous urethanes [21,22], among others [23–

26]. CANs based on associative dynamic chemistries are often called vitrimers [14]. Some CANs 

have dual dynamic chemistries, e.g., polyhydroxyurethanes undergo associative 

transcarbamoylation and dissociative reversible cyclic carbonate aminolysis [27], and 

polythiourethanes undergo associative exchange reactions with free thiols and dissociative 

reversion to isocyanates and thiols [28,29]. The rapid development of CANs has bridged the gap 

between thermoplastics and thermosets [30–32] and shown promise for addressing the long-

standing issue associated with the irreversible buildup of thermoset wastes. Reviews on the topic 

of sustainable, recyclable CANs, DCPNs, and vitrimers include refs. 31–39. 

Fabrication of polymer nanocomposites by nanofiller incorporation is a common strategy 

to enhance the properties of polymeric materials [40–46]. The performance of nanocomposites is 

highly dependent on filler dispersion state and interfacial interactions between fillers and the 
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matrix [47–50]. Covalent modification of the filler surface for compatibilized polymer−filler 

interfaces is an effective method to achieve both high levels of filler dispersion and strong 

interfacial adhesion [49,51]. However, if CANs are used as the matrix, the restricted chain 

mobility induced by the improved adhesion of polymer chains onto the filler surface can impede 

topological rearrangement which is essential for relaxation-related properties such as self-healing 

ability and reprocessability [52]. Under such circumstances, surface-modified nanofillers with 

relatively small surface-to-volume ratios are desirable to balance the stress relaxation and 

mechanical property enhancement of dynamic network composites.  

Polyhedral oligomeric silsesquioxanes (POSS) comprise cage-like organosilicon core 

(SiO1.5)n and external functional groups attached to each silicon atom [53–55]. Because the 

average POSS core diameter is only ~0.5 nm, POSS are considered to be the smallest possible 

particles of silica [55]. POSS are important building blocks to obtain organic–inorganic 

nanocomposites with enhanced properties because the reactive functional groups attached to the 

core provide a unique advantage for POSS molecules to be covalently bonded to the matrix and 

thus prevent filler aggregation. Several studies have applied functionalized POSS as reinforcing 

fillers to fabricate dynamic network composites. Xu et al. reported a tough, thermally mendable 

POSS nanocomposite synthesized from bismaleimide and octafunctional furan-terminated POSS 

via the DA reaction [55]. Because of the thermally reversible nature of the DA reaction, upon 

being cracked, the nanocomposite self-healed at appropriate temperatures. Zhou et al. [56] 

developed a mechanically strong, disulfide-based self-healable network composite by oxidative 

coupling of small-molecule thiols and octathiol-POSS. Although the composite relaxed stress 

more slowly than the matrix at lower temperatures, the difference in relaxation rate was lessened 

above 140 °C. As a result, the composite could be fully healed at higher temperatures or with 

longer healing time. Yang et al. [57] prepared a series of epoxy-POSS dynamic network 

composites by reacting dodecanedioic acid with a mixture of difunctional epoxy and 

octafunctional glycidyl ether-terminated POSS. The composites exhibited improved tensile 

strength with increasing POSS loading. With the help of the efficient transesterification 
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exchange reaction, the composites could be reprocessed with little degradation in mechanical 

properties.  Related studies using functionalized POSS in developing dynamic covalent network 

composites have been done by Hajiali et al. [58] and Shen et al. [59]. These studies highlight the 

advantages and effectiveness of POSS for fabricating high-performance dynamic covalent 

network composites.  

Polyhydroxyurethane (PHU) is synthesized by aminolysis of cyclic carbonates and is an 

environmentally friendly alternative to conventional isocyanate-based polyurethane (PU) [60–

69]. In recent years, a number of studies have explored the inherent dynamic nature of cross-

linked PHU and its effectiveness in developing CANs [27,70–72]. In 2015, Fortman et al. [70] 

reported that PHU networks derived from six-membered cyclic carbonates and amines can relax 

stress and be reprocessed at elevated temperatures. Their study showed the promise of cross-

linked PHUs as a new class of reprocessable networks. In 2017, Torkelson and coworkers 

discovered that with appropriate catalysis, PHU networks derived from five-membered cyclic 

carbonates and amines can be reprocessed multiple times with 100% recovery of cross-link 

density [27]. Such reprocessability was also retained in some biobased PHU networks [71]. 

Torkelson and coworkers also developed reprocessable PHU network nanocomposites reinforced 

with silica nanoparticles with different surface functionalities [72]. When silica nanoparticles 

with surface hydroxyl and amine functional groups that can participate in dynamic chemistries 

with the matrix were used as fillers, reprocessing led to losses in cross-link density. Even when 

using superhydrophobic silica nanoparticles with surface hydroxyl groups mostly absent, the 

nanocomposite exhibited a ~10% loss in cross-link density relative to the as-synthesized material 

after the third reprocessing cycle due to the incomplete elimination of surface hydroxyl groups. 

These results indicate that an effective nanofiller species is still needed for the development of 

mechanically strong dynamic PHU network composites with excellent reprocessability. 

A few studies have explored the use of POSS as reinforcing fillers to prepare PHU 

nanocomposites. Blattmann and Mülhaupt reported the preparation of organic–inorganic hybrid 

PHU thermosets using multifunctional POSS cyclic carbonates [73]. Zhao et al. investigated the 
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use of well-defined difunctional POSS macromers to synthesize physically cross-linked 

thermoplastic PHUs [74]. However, neither study focused on the influence of reactive POSS 

incorporation on the reprocessability of dynamic covalent PHU networks. Very recently, Liu et 

al. [75] synthesized PHUs using reactive trifunctional POSS cyclic carbonates as nanofiller, 

which led to nanocomposites with 20–40 nm POSS aggregates even at only 5 wt% POSS 

content. Compared with the original samples, the samples reprocessed by hot pressing exhibited 

decreases in tensile properties, which was attributed to the decrease in dynamic bond density 

after POSS incorporation and the restriction on segmental motion caused by POSS aggregation. 

Here, we have developed dynamic PHU network nanocomposites and investigated the effect of 

covalent incorporation of multifunctional POSS (with eight to twelve functional groups) on 

thermomechanical properties, reprocessability, and stress relaxation of dynamic PHU networks. 

As shown in Fig. 1, the PHU–POSS composites are synthesized by reacting difunctional amine 

JEFFAMINE D-400 with tris(4-hydroxyphenyl)methane tricarbonate (THPMTC) and POSS-

cyclic carbonate (POSS-CC). With increasing POSS loading, the composites exhibit improved 

thermal stability and enhanced rubbery plateau modulus. More importantly from a sustainability 

standpoint, the as-synthesized composites containing up to 10 wt% multifunctional POSS can 

undergo multiple reprocessing cycles with 100% property recovery associated with cross-link 

density. This study highlights the potential of POSS for fabricating fully recyclable, cross-linked 

PU-like materials made by non-isocyanate chemistry.  

 

2. Experimental 

2.1. Materials. Tris(4-hydroxyphenyl)methane triglycidyl ether (THPMTE), 

tetrabutylammonium iodide (TBAI, reagent grade, 98%), N,N-dimethylacetamide (DMAc, 

anhydrous, 99.8%), dimethylformamide (DMF, anhydrous, 99.8%), 4-(dimethylamino)pyridine 

(DMAP), and dimethyl sulfoxide-d6 (DMSO-d6, 99.9 atom% D) were purchased from Sigma-

Aldrich and used as received. Methylene chloride (DCM) was purchased from Fisher Chemical 

and used as received. JEFFAMINE D-400 (D400) was supplied by HUNTSMAN and was kept  
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Fig. 1. Structures of the compounds used for PHU−POSS synthesis. 

 

on activated molecular sieve before use. POSS glycidyl ether (EP0409), consisting of a mixture 

of POSS glycidyl ethers with different cage sizes, was purchased from Hybrid Plastics and used 

as received. 

2.2. Synthesis of POSS-CC and THPMTC. POSS-CC was synthesized by CO2 fixation of 

EP0409 in the presence of TBAI. EP0409 (13.00 g, containing 77.84 mmol of epoxy groups) and 

TBAI (0.58 g, 1.56 mmol, 2 mol% relative to epoxy groups) were placed in a 50-mL test tube 

along with 20 mL DMAc that helped to dissolve TBAI. The test tube was placed in an oil bath at 

80 °C, and CO2 gas was bubbled through the mixture until complete conversion of epoxy groups 

to cyclic carbonate groups was achieved (~5 days). The reaction progress was periodically 

checked by 1H NMR spectroscopy by observing the disappearance of proton signals associated 

with the epoxy moiety. Upon completion, the mixture became a highly viscous liquid. TBAI was 

removed by dissolving the mixture with acetone and precipitating with distilled water for seven 

times. The purified product was dried in an 80 °C vacuum oven for 48 h. The carbonate content 
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in POSS-CC was determined via 1H NMR spectroscopy using DMSO as solvent and 1,2,4,5-

tetrachlorobenzene as an internal reference. The following equation was used to calculate the 

moles of carbonate groups per gram of POSS-CC: 

carbonate content [
mol

g
]  = 

𝐼cc  × 𝑛ref
𝐼ref

2
  × 𝑚POSS−CC

                                         (1) 

where Icc is the intensity of the peak associated with one of the three protons on cyclic carbonate 

in POSS-CC (~4.89 ppm), nref is the molar amount of 1,2,4,5-tetrachlorobenzene in the 1H NMR 

sample, Iref is the peak intensity associated with the two protons on 1,2,4,5-tetrachlorobenzene 

(~8.07 ppm), and mPOSS-CC is the weight of POSS-CC in the sample. 

THPMTC was synthesized following a similar procedure that used to prepare POSS-CC. 

In a typical synthesis of THPMTC, THPMTE (20.00 g, 43.43 mmol) and TBAI (1.60 g, 4.34 

mmol) were placed in a test tube along with 20 mL DMAc that helped to dilute the reaction 

mixture. The test tube was heated in an oil bath at 80 °C. CO2 gas was continuously bubbled 

through the mixture until full conversion of epoxy groups into cyclic carbonate groups was 

confirmed by 1H NMR (Fig. S3). After the reaction was completed, TBAI was removed by 

dissolving the product with acetone and washing with water for seven times. The final product 

was completely dried in a vacuum oven at 80 C for 48 h. 

2.3. Synthesis of neat PHU network and PHU–POSS composites. PHU–POSS composites 

were prepared by reacting the mixture of THPMTC and POSS-CC with difunctional amine D400 

under DMAP catalysis. In a typical synthesis of PHU−POSS composite containing 10 wt% 

POSS-CC, 0.878 g THPMTC (containing 4.45 mmol cyclic carbonate), 0.238 g POSS-CC 

(containing 1.42 mmol cyclic carbonate), and 71.6 mg DMAP (0.587 mmol) was dissolved with 

1.5 mL DMF in a 20-mL scintillation vial. After complete solubilization, 1.26 g D400 

(containing 5.87 mmol of primary amine groups) was added into the vial dropwise. The mixture 

was reacted at 85 °C for 20 h in an oil bath. Then, dry nitrogen gas was flowed through the vial 

for 4 h to evaporate some DMF before the gelled product was cut into small pieces and further 

dried in a nitrogen-purged 85 °C vacuum oven for 48 h. Neat PHU networks were synthesized in 
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a similar manner without the addition of POSS-CC. 

2.4. Reprocessing procedure for neat PHU network and PHU–POSS nanocomposites. 

Reprocessing of neat PHU networks and PHU−POSS composites was performed using a PHI 

press (model 0230C-X1). The dried, as-synthesized materials in the form of small pieces were 

pressed into ∼1-mm-thick sheets at 140 °C with a 7-ton ram force (generating a pressure of ∼11 

MPa). After the first reprocessing cycle, the uniform, flat sheets were considered as the 1st 

molded samples. The 1st molded samples were further cut into small pieces and pressed again to 

give another batch of flat sheets, which are considered as the 2nd molded samples. A 2.0 h 

reprocessing time was used for the neat PHU network and PHU–POSS composites containing 5 

wt% POSS-CC (PHU-POSS-5). For PHU–POSS composites containing 10 wt% POSS-CC 

(PHU-POSS-10), the reprocessing time from the original materials to the 1st molded materials 

was 2.5 h, and that from the 1st molded materials to the 2nd molded materials was 1.5 h. 

2.5. Equilibrium swelling experiments. Swelling experiments were conducted at room 

temperature using DCM as solvent. Small network pieces were placed in ∼20 ml DCM in a glass 

vial and swollen for 3 days to equilibrium. Swollen samples were immediately weighed after 

removing the remaining solvent on the network surface. The networks were then dried at 80 °C 

in a vacuum oven for 3 days and weighed afterwards. The gel fraction is calculated as mdry/m0, 

and the swelling ratio is calculated as (msw − mdry)/mdry, where m0, msw, and mdry are the masses 

of the original samples, swollen samples, and dried samples, respectively. 

2.6. Characterization. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopy was performed using a Bruker Tensor 37 MiD IR FTIR spectrophotometer 

equipped with a diamond/ZnSe ATR attachment. Thirty-two scans were collected at room 

temperature over the 4000 to 800 cm-1
 range with a 2 cm-1 resolution. 1H NMR spectroscopy was 

performed at room temperature using a Bruker Avance III 500 MHz NMR spectrometer with a 

direct cryoprobe.  

Dynamic mechanical analysis (DMA) was performed using a TA Instruments RSA G2 

DMA. Rectangular samples measuring ~0.9 mm in thickness and ~3 mm in width were mounted 
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on the fixture and underwent temperature ramps from −10 °C to 80 °C at a 3 °C/min heating rate. 

The tensile storage modulus (E’), tensile loss modulus (E”), and tan δ (E”/E’) were measured in 

tension mode at 1 Hz frequency and 0.03% strain.  

Stress relaxation experiments were performed using a TA Instruments RSA G2 DMA. 

Rectangular samples measuring ~0.9 mm in thickness and ~3 mm in width were mounted on the 

fixture and allowed to equilibrate at the desired temperature for 15 min before being subjected to 

an instantaneous strain of 5%. The stress relaxation modulus at 5% strain was recorded until it 

decayed to ∼20% of its initial value. Stress relaxation experiments were carried out at 140–

170 °C at 10 °C increments. 

Shear creep experiments at 3.0 kPa stress were performed on 1st molded, ∼2 mm-thick 

disk samples using an Anton-Paar MCR 302 rheometer with 25-mm parallel-plate fixtures. 

Samples were equilibrated at the test temperature for 10 min before starting the experiment. Each 

test was carried out for 50000 s.  

The glass transition temperature (Tg) of each network was characterized by differential 

scanning calorimetry (DSC) employing a Mettler Toledo DSC822e. Samples were maintained at 

50 °C for 20 min, followed by cooling to −20 °C at a rate of −40 °C/min. The Tgs were 

determined from the second heating ramp at a 10 °C /min rate using the 1/2 ΔCp method.  

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DSC3+. 

Samples were heated under a nitrogen atmosphere from 25 °C to 600 °C at a 20 °C /min heating 

rate. The change in weight was recorded as a function of temperature.     

Scanning electron microscopy (SEM) samples were prepared by fracturing the PHU–

POSS composites and coating them with a 15-nm-thick layer of osmium using an OPC osmium 

coater. The morphologies of the fractured section of the composites were obtained using a 

Hitachi S-8030 scanning electron microscope. 

Wide-angle X-ray scattering (WAXS) measurements were performed using a Rigaku 

SmartLab X-ray diffractometer in transmission mode. CuKα radiation was operated at 40 kV and 

35 mA. The scattering angle (2θ) covered the range from 3° to 60° with a 0.05° step. The d-
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spacing can be calculated using Bragg's law, where λ = 2dsinθ; λ = 0.154 nm for CuKα radiation. 

 

3. Results and Discussion 

3.1. Synthesis of POSS-CC and PHU–POSS network nanocomposites. POSS-CC was 

synthesized by CO2 fixation of EP0405 in the presence of a catalytic amount of TBAI at 80 °C. 

EP0405 is a commercially available glycidyl-ether-terminated POSS consisting of a mixture of 

POSS with different cage sizes (containing 8–12 silicon atoms per cage and thus 8–12 functional 

groups). The reaction progress was periodically checked by 1H NMR spectroscopy. Fig. S2 

shows the 1H NMR spectrum of POSS-CC. After ~5 days of reaction, the complete 

disappearance of proton signals at 2.70–3.00 ppm associated with epoxy units and the 

appearance of signals at 4.50–4.87 ppm associated with the cyclic carbonate moiety indicate 

complete conversion of epoxy groups into cyclic carbonate groups. POSS-CC was obtained as a 

light-yellow, high-viscosity liquid. The exact cyclic carbonate content of POSS-CC was 

determined via 1H NMR spectroscopy with 1,2,4,5-tetrachlorobenzene as an internal reference to 

be 0.006 mol/g. 

 The PHU–POSS network composites were synthesized following the synthesis route 

shown in Fig. S1. The FTIR spectra of the as-synthesized materials are shown in Fig. S4 and Fig. 

S5. PHUs were successfully synthesized as indicated by the disappearance of the carbonate peak 

at ∼1780 cm−1 and the appearance of the urethane carbonyl stretch at 1700−1730 cm−1 and the 

hydroxyl stretch at 3500−3100 cm−1. In Fig. S5, nearly no signal associated with cyclic 

carbonates can be observed at ∼1780 cm−1 in the as-synthesized PHU-POSS-5, indicating a 

nearly 100% conversion. In Fig. S4, a small peak exists at ∼1780 cm−1 in the as-synthesized 

PHU-POSS-10, indicating that a small level of unreacted cyclic carbonate remained. This 

slightly reduced conversion of PHU-POSS-10 relative to PHU-POSS-5 can be explained by the 

fact that PHU-POSS-10 contains a higher fraction of the multifunctional POSS-CC cross-linker 

(with 8−12 reactive cyclic carbonate groups). After most of the functional groups undergo cross-



11 

 

linking, the reduced network mobility will make it more difficult for remaining unreacted cyclic 

carbonate groups to participate in the reaction. 

3.2. Microstructure of PHU–POSS network nanocomposites. It is possible that POSS can 

aggregate and crystallize. To address the microstructure of the PHU–POSS network composites, 

WAXS analysis was performed to determine the crystalline degree of the samples. Fig. S6 shows 

the WAXS patterns of the neat PHU and PHU–POSS network composites. The intensity trace of 

the neat PHU network shows no peak up to a 2θ value of 60°, indicating the absence of 

crystalline order. For both PHU-POSS-5 and PHU-POSS-10, the WAXS patterns exhibit a broad 

peak at ~20° 2θ, which corresponds to a d-spacing of ~0.44 nm. Since the average core size of 

POSS is ~0.50 nm, this broad, amorphous peak is consistent with the presence of POSS 

nanofillers. Regardless of the POSS loading content, sharp, distinct peaks corresponding to 

crystalline phases are not present in the WAXS patterns of the PHU–POSS composites, 

indicating that the nanocomposites are amorphous. The lack of crystalline order associated with 

high POSS loading content in our samples is consistent with the results reported by Romo-Uribe, 

in which the POSS-methyl methacrylate nanocomposites remain amorphous with up to 45 wt% 

POSS content [46].  

 The morphology of the 1st molded PHU-POSS-10 network which contains 10 wt% 

POSS-CC was further examined using SEM. The SEM images (see Fig. S7) show no indication 

of POSS phase separation or aggregation. The POSS-CCs are covalently attached to the PHU 

matrix and serve as both nanofillers and cross-linkers within the matrix. The fact that each 

nanofiller can be covalently attached at up to 8–12 reactive sites with the matrix rather than 

doped into the matrix is conducive to a well-dispersed state. Indeed, Blattmann and Mülhaupt 

have used the same multifunctional POSS-CC used in this study to synthesize hybrid PHU–

POSS thermosets and reported that minor or no phase separation was present with 13.5 wt% 

POSS-CC; significant phase separation was only observed with 23 wt% POSS-CC [73], far 

above the 10 wt% POSS loading in our study. Thus, it is reasonable that our systems are not 

exhibiting POSS nanoaggregates. We note that the number of reactive sites associated with each 
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nanofiller can also be important in the dispersion state. Liu et al. [75] synthesized PHUs with 

reactive trifunctional POSS cyclic carbonates; their nanocomposites exhibited 20–40 nm POSS 

aggregates at 5 wt% POSS content. 

3.3. Effect of POSS incorporation on thermal properties of PHU networks. Neat PHU 

networks and PHU–POSS network composites were synthesized following the reaction route 

shown in Fig. 1. 10 mol% DMAP with respect to amine functional groups was added into the 

reaction mixture to facilitate the dynamic chemistries during the reprocessing process. POSS-CC 

was used as covalently attached nanofillers and was incorporated into neat PHU matrix at 0 wt%, 

5 wt% (1.2 wt% of Si−O), and 10 wt% (2.5 wt% of Si−O) loading (weight percentage is with 

respect to the total weight of network).  

 The cross-linked nature of the networks was confirmed by equilibrium swelling tests in 

DCM (Table S1). Fig. 2 shows the glass transition temperatures (Tgs) of as-synthesized networks 

determined by DSC. According to DSC characterization results, Tg decreases from 21°C for the 

neat PHU network to 14 °C for PHU-POSS-5 and further to 10 °C for PHU-POSS-10. The  

 

Fig. 2. Glass transition temperatures of as-synthesized neat PHU and PHU–POSS network 

composites determined by differential scanning calorimetry. 
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decrease in Tg with increasing POSS loading is related to the long-chain, flexible structure of the 

side groups connected to the POSS core. Low Tg is a desirable characteristic for thermosets used 

for elastomer applications. The incorporation of conventional fillers generally leads to increase 

in Tg, which could negatively impact the performance of elastomers at lower temperatures. In our 

systems, the employment of POSS-CC offers an advantage of improving the mechanical 

properties of neat PHU networks while maintaining relatively low Tgs of the materials. In 

addition, as shown in Table S2, no change in Tg breadth was observed with increasing POSS 

content, indicating that there is no significant change in overall network homogeneity associated 

with POSS incorporation. 

 Thermogravimetric analysis (TGA) was conducted to evaluate the effect of POSS 

incorporation on thermal decomposition temperatures and thermal stability of dynamic PHU 

networks (Fig. 3). The decomposition temperatures (Td) corresponding to a 5 % weight loss for 

the neat PHU network is 288  3 °C. With the addition of POSS, Td increases to 296  1 °C for 

PHU-POSS-5 and further increases to 305  3 °C for PHU-POSS-10. These results suggest that  

 

Fig. 3. Thermogravimetric analysis of as-synthesized neat PHU and PHU–POSS network 

composites. 
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the thermal stability of PHU networks can be enhanced by incorporating POSS as nanofillers. 

Upon heating, dynamic PHU networks can undergo two types of dynamic chemistries, which are 

associative transcarbamoylation exchange reactions and dissociative reversible cyclic carbonate 

aminolysis reactions (Fig. 4) [27,72]. The reversion of hydroxyurethane linkages to carbonate 

and amine moieties will decross-link the network structure and accelerate the decomposition 

process of the materials. By replacing a small part of the trifunctional carbonate cross-linker 

THPMTC with POSS-CC possessing eight to twelve reactive carbonate functional groups, the 

materials can withstand the loss of more chains upon heating while maintaining a cross-linked 

nature. 

 

Fig. 4. Transcarbamoylation and reversible cyclic carbonate aminolysis reactions. 

 

3.4. Effect of POSS incorporation on thermomechanical properties and reprocessability of 

PHU networks. Reprocessing of neat PHU networks and PHU–POSS network composites was 

performed by cutting the materials into small pieces and compressing them into films using a 

high-temperature compression mold. DMA characterizations were performed to evaluate the 

recovery of thermomechanical properties after each reprocessing step. Fig. 5 shows the DMA 

results of the 1st molded and 2nd molded neat PHU networks. The reprocessing time and 

temperature for neat PHU networks was 2 h at 140 °C, and the same condition was employed for 

both the 1st and the 2nd reprocessing cycles. As shown in Fig. 5, the E’ curves for both samples 

display a rubbery plateau region a few tens of degrees above Tg, confirming their cross-linked 

nature. The E’ rubbery plateau moduli determined at 60 °C, 70 °C, and 80 °C are summarized in 

Table 1. Within experimental error, the rubbery plateau E’ values of the 2nd molded sample are 
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identical to the values of the 1st molded sample at all three temperatures. According to Flory’s 

ideal rubber elasticity, the rubbery plateau modulus is proportional to the cross-link density of a 

network material [76]. Therefore, these results indicate that neat PHU networks derived from 

THPMTC and D400 can undergo at least two molding or reprocessing cycles with complete 

recovery of cross-link density. 

 

Fig. 5. Dynamic mechanical analysis results of 1st and 2nd molded neat PHU networks. 

 

Table 1. Rubbery plateau moduli (E’) of the neat PHU network and PHU–POSS network 

composites at 60 °C, 70 °C, and 80 °C. 

sample E’ at 60 °C E’ at 70 °C E’ at 80 °C 

Neat PHU 1st molded 1.98 ± 0.02 1.90 ± 0.01 1.93 ± 0.01 

2nd molded 1.96 ± 0.10 1.85 ± 0.11 1.89 ± 0.11 

PHU-POSS-5 1st molded 2.04 ± 0.03 2.06 ± 0.02 2.11± 0.01 

2nd molded 2.03 ± 0.16 2.08± 0.15 2.13 ± 0.14 

PHU-POSS-10 1st molded 2.43 ± 0.11 2.49 ± 0.02 2.56 ± 0.03 

2nd molded 2.35 ± 0.06 2.42 ± 0.05 2.45 ± 0.06 
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Fig. 6 shows the DMA curves of the 1st and 2nd molded PHU-POSS-5 samples. The same 

reprocessing condition of 2 h at 140 °C that was used for neat PHU networks was employed for 

PHU-POSS-5. As evidenced by the well-overlapped E’ curves on Fig. 6 and the identical 

rubbery plateau E’ values (within error) determined at 60 °C, 70 °C, and 80 °C shown in Table 1, 

PHU-POSS-5 can also undergo reprocessing without any loss in cross-link density. With 5 wt% 

POSS incorporated into the materials, PHU-POSS-5 samples exhibit comparable reprocessability 

to neat PHU networks, indicating that the introduction of a small amount of POSS as nanofillers 

into a dynamic covalent PHU matrix does not lead to negative impacts. 

 

Fig. 6. Dynamic mechanical analysis results of 1st and 2nd molded PHU-POSS-5 samples. 

 

To reprocess the composites PHU-POSS-10 containing 10 wt% POSS, we first used the 

reprocessing condition of 2.5 h at 140 °C for both the 1st and the 2nd reprocessing cycles, where 

2.5 h is the minimum time that is required for the as-synthesized materials to heal into a 

consolidated film without visible defects (considered as 1st molded samples). The reprocessing 

time is slightly increased relative to neat PHU networks and PHU-POSS-5, indicating that POSS 

incorporation introduces additional barriers for chain dynamics at relatively high POSS loading. 

DMA characterization of the reprocessed samples suggests that there is a small but significant 



17 

 

~10% decrease in rubbery plateau E’ (Fig. S8) from the 1st molded PHU-POSS-10 samples to the 

2nd molded PHU-POSS-10 samples. Without changing the 2.5 h reprocessing time from as-

synthesized PHU-POSS-10 to 1st molded PHU-POSS-10, we shortened the reprocessing time 

from the 1st molded materials to the 2nd molded materials by 1 h. We note that based on our 

previous experience of reprocessing dynamic PHU networks by compression molding, the 

minimum time that is required to compress as-synthesized materials into 1st molded materials 

always appears longer than the minimum time that is required to compress 1st molded materials 

into 2nd molded materials. This may occur because the as-synthesized materials are in the form of 

chunks, whereas the 1st molded materials are in the form of thin sheets and hence are easier to be 

compressed into films again. Therefore, even though 2.5 h is the minimum time that is necessary 

to obtain well-healed 1st molded PHU-POSS-10 samples, we can still obtain consolidated, well-

healed 2nd molded materials by reprocessing the 1st molded samples for only 1.5 h. 

 After we shortened the reprocessing time of the 2nd cycle, we performed DMA 

characterization again to determine if there was any improvement in property recovery. As 

shown in Fig. 7, the E’ curve of the 2nd molded PHU-POSS-10 samples overlaps reasonably well 

with the curve of the 1st molded samples, indicating that after shortening the reprocessing time of 

the 2nd cycle relative to the 1st cycle, PHU-POSS-10 can successfully undergo two reprocessing  

 

Fig. 7. Dynamic mechanical analysis results of 1st and 2nd molded PHU-POSS-10 samples. 
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cycles with 100% recovery of cross-link density. To reveal the underlying cause of the loss in 

cross-link density associated with long reprocessing time, we performed FTIR spectroscopy on 

as-synthesized PHU-POSS-10, 1st molded PHU-POSS-10 reprocessed by 2.5 h, 2nd molded 

PHU-POSS-10 reprocessed by 1.5 h, and 2nd molded PHU-POSS-10 reprocessed by 2.5 h. As 

shown in Fig. S4, on the FTIR spectrum of as-synthesized PHU-POSS-10, no peak exists near 

~1660 cm-1 (related to C=O stretching vibrations of urea groups). After the materials are 

reprocessed at 140 °C for 2.5 h to yield 1st molded samples, a shoulder appears at ~1660 cm-1 in 

the spectrum of the 1st molded PHU-POSS-10, indicating the appearance of small amount of urea 

groups. The urea peak becomes more obvious when the 1st molded materials are further 

reprocessed for 1.5 h (the red curve in Fig. S4). In the spectrum of the 2nd molded sample 

obtained with 2.5 h of reprocessing which exhibits significant property loss (the blue curve in 

Fig. S4), the urea peak is even more prominent.  

Boisson et al. has reported the formation of urea in the presence of basic catalysts during 

PHU synthesis at elevated temperatures [77]. According to the mechanism they proposed, free 

amine groups liberated from the reverse cyclic carbonate aminolysis reactions can further be 

deprotonated by a basic catalyst and attack the electrophilic center of another urethane linkage, 

leading to the formation of urea groups and difunctional alcohols. We hypothesized that in our 

systems, the property loss in 2nd molded PHU-POSS-10 associated with long reprocessing time is 

also caused by urea formation at high reprocessing temperature. Fig. S5 shows the FTIR spectra 

of as-synthesized and reprocessed PHU-POSS-5 samples. As the total reprocessing time 

increases with more reprocessing cycles, the urea peak progressively grows. However, based on 

the relatively small size of the urea peak and the 100% property recovery of PHU-POSS-5 

determined by DMA characterization, such a low level of side reactions does not significantly 

affect the reprocessability of the materials. In the case of PHU-POSS-10, when 2.5 h of 

reprocessing time is used for both reprocessing cycles, the total reprocessing time is 5 h; such 

extended exposure of the materials at high temperature (140 °C) leads to significant level of urea 
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formation and consequently leads to decrease in cross-link density after recycling. When the total 

reprocessing time is shortened to 4 h, even though there is still a small amount of urea formed 

during reprocessing, such a small level of side reactions does not influence the bulk 

thermomechanical properties of PHU networks similar to the case of PHU-POSS-5.  

 Fig. 8 compares the E’ curves of 1st molded neat PHU, PHU-POSS-5, and PHU-POSS-

10. With increasing POSS content, the storage modulus in both the glassy state (i.e.,  0 ℃) and 

the rubbery plateau region (i.e.,  60 ℃) increases significantly. As determined from the E’ 

values summarized in Table 1, at 80 °C where the materials are well in the rubbery plateau 

regime, 1st molded PHU-POSS-5 exhibits slightly enhanced E’ (by ~9%) compared to the neat 

PHU network, whereas 1st molded PHU-POSS-10 exhibits a significant enhancement of ~30% in 

E’. Equilibrium swelling tests (Table S1) also show that the networks swell less with increasing 

POSS loading, consistent with a higher degree of cross-linking after POSS incorporation. These  

 

Fig. 8. Temperature dependence of the storage moduli of 1st molded neat PHU, PHU-POSS-5%, 

and PHU-POSS-10%. 

 

results indicate that the incorporation of POSS as nanofillers is an effective way to improve the 

modulus of dynamic PHU networks well into the glassy state or the rubbery plateau regime 

while maintaining good reprocessability. (The fact that E’ is significantly higher for neat PHU 



20 

 

than for the nanocomposites in the temperature range of 5–45 ℃ simply reflects the higher Tg of 

neat PHU, which is caused by the long-chain, flexible structure of the side groups connected to 

the POSS core resulting in plasticization of the nanocomposites.) To understand how these 

materials respond to large tensile stresses, future studies are warranted to characterize the tensile 

properties of PHU−POSS composites including tensile strength and strain-at-break.   

3.5. Effect of POSS incorporation on stress relaxation behavior of PHU networks. The 

ability to relax external stress under appropriate conditions is a defining characteristic of 

dynamic polymer networks. For PHU networks, stress relaxation at elevated temperatures is 

enabled by simultaneous associative transcarbamoylation exchange reactions and dissociative 

reversible cyclic carbonate aminolysis reactions. We have characterized the effect of POSS 

incorporation on stress relaxation of dynamic PHU networks by DMA. Stress relaxation tests at 

140−170 °C were conducted under a strain of 5%. Fig. 9 shows the decay of stress relaxation 

modulus as a function of relaxation time at different temperatures. Regardless of the loading of 

POSS, at all tested temperatures, the PHU–POSS composites relax much more slowly than the 

neat PHU network. It is generally recognized that when non-reactive nanofillers are incorporated 

into a network matrix, the mobility of the network is typically reduced because of the adsorption 

of polymer chains onto filler surface at the polymer−filler interfaces. For our PHU–POSS 

nanocomposites, the impact on network mobility from chain adhesion is minimized by using 

POSS that have extremely small surface-to-volume ratio as reinforcing agents. However, when 

part of the trifunctional carbonates THPMTC was replaced with POSS molecules possessing 8 to 

12 reactive carbonate groups, the resulting networks are much denser and more inflexible 

compared with the neat PHUs, and therefore the stress relaxation rate is still retarded. 

Nevertheless, with increasing temperature, the difference in stress relaxation rate between neat 

PHU networks and PHU–POSS composites is diminished, possibly because at high 

temperatures, the stress relaxation process of PHU networks is achieved predominantly by 

dissociative reverse cyclic carbonate aminolysis reaction, so all systems are equally liquid-like 

and highly flexible. 



21 

 

 

Fig. 9. Stress relaxation curves of neat PHU networks and PHU–POSS network composites at (a) 

140 °C, (b) 150 °C, (c) 160 °C, and (d) 170 °C. 

 

 We note that with increasing POSS loading, although the average stress relaxation time is 

increased significantly, the systems containing more POSS exhibit relatively faster relaxations at 

the initial stage of the stress relaxation experiments. This observation suggests that the relaxation 

of PHU–POSS composites comprises a multitude of relaxation modes, and a single Maxwell 

element is insufficient to model the process. To model the effect of POSS incorporation on the 

stress relaxation of PHU networks, we used the Kohlrausch–Williams–Watts (KWW) stretched 
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exponential decay function to fit the stress relaxation data. The KWW stretched exponential 

decay function is expressed as follows [72,78,79]:      

𝜎(𝑡)

𝜎0
= exp {− (

𝑡

𝜏∗)
𝛽

}                                                          (2) 

where σ(t)/σ0 is the normalized stress at time t, τ* is the characteristic relaxation time, and β is 

the exponent that controls the shape of the stretched exponential decay and reflects the breadth of 

the relaxation distribution. β takes values in the range 0 < β ≤ 1, with β = 1 corresponding to a 

single-exponential decay response and β ≪ 1 indicating an extremely broad distribution of 

relaxation times. For a KWW decay, the average relaxation time, ⟨τ⟩, is given by [72,79]  

〈𝜏〉 =  
𝜏∗Γ(

1

𝛽
)

𝛽
                                                                 (3)                                                                  

where Γ is the Gamma function. Table S4 shows the detailed fitting results obtained from both 

KWW stretched exponential decay and single-exponential decay analyses for neat PHU 

networks and PHU–POSS composites. For neat PHU networks, β increases slightly with 

increasing temperature, and the value becomes very close to 1 at 170 °C, indicating a nearly 

single-exponential decay response. With increasing POSS content of the materials, β decreases at 

all tested temperatures, suggesting a broadened distribution of relaxation times and a more 

complex relaxation mode with higher POSS loading. 

Fig. 10 shows the Arrhenius plot of ⟨τ⟩ over the temperature range of 140 °C ≤ T ≤ 

170 °C for determining the apparent activation energy (Ea,τ) of stress relaxation; the detailed 

 results are summarized in Table 2. The Ea,τ of neat PHU networks was calculated to be 121 

kJ/mol, which is in reasonable agreement with values reported by other studies on dynamic PHU  

networks [72,80]. When POSS molecules are added to the neat PHU matrix, Ea,τ increases 

dramatically, indicating a stronger temperature dependence of the relaxation process. As shown 

in Fig. 10, at low temperatures, PHU–POSS composites exhibit significantly longer average 

relaxation times than the neat PHU network. This occurs because when part of the original 

trifunctional cross-linker THPMTC is replaced with the multifunctional POSS-CC cross-linker 

with 8–12 functional groups, the composites have a much more restricted network structure and 
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hence substantially reduced flexibility at low temperatures than the neat PHU network. With 

increasing temperature, the average relaxation times of the three systems become similar. At 

sufficiently high temperatures, all networks are far above their Tgs, and the reverse cyclic 

carbonate aminolysis reaction leads to a less cross-linked state. Therefore, the dynamics of the 

three systems become more alike. These above-mentioned effects result in a stronger 

temperature dependence of the relaxation process and thus an increase in Ea,τ after POSS 

incorporation. The secondary effect of POSS incorporation on Ea,τ values is that PHU-POSS-5 

exhibits a greater Ea,τ value than PHU-POSS-10. This is because the stress relaxation process of 

dynamic polymer network depends on both the activation energies of the dynamic chemistries 

and the viscoelastic behavior of the materials. The POSS-CC cross-linker has flexible side chains 

which result in a decrease in overall Tg of the materials with increasing POSS-CC content. 

Therefore, at the same temperature, PHU-POSS-10 networks are more liquid-like compared to 

PHU-POSS-5. This subsequently leads to a smaller temperature dependence or a smaller Ea,τ of 

the stress relaxation process for the PHU-POSS-10 than PHU-POSS-5. 

 

Fig. 10. Arrhenius apparent activation energy of stress relaxation for the neat PHU networks and 

PHU-POSS network composites. 
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Table 2. <τ> at 140 °C and apparent activation energy of stress relaxation of the 1st molded neat 

PHU network and PHU–POSS network composites. 

sample <τ> at 140 °C (s) apparent activation energy 

(kJ/mol) 

Neat PHU 1440 121 

PHU-POSS-5% 7530 182 

PHU-POSS-10% 10540 163 

 

3.6. Creep performance of neat PHU network and PHU–POSS network composites. 

Because of their dynamic nature, there is a potential shortcoming of CANs related to creep 

during use at elevated temperature, which is undesirable for many applications [33]. Creep refers  

to the continuous, time-dependent deformation of materials under constant stress [81]. 

Conventional thermosets composed of fixed covalent bonds are intrinsically creep-resistant [82–

84] whereas CANs are susceptible to creep especially at elevated temperature but still well below 

the reprocessing temperature, as demonstrated in numerous studies [21,85–88]. To arrest 

elevated temperature creep of CANs, an effective approach is to employ a dynamic chemistry 

with high activation energy and strong temperature dependence such that the dynamic 

mechanism remains relatively inactive and allows for creep resistance at temperatures not too far 

below the reprocessing temperature [11,13,89].  

 A previous study involving alkoxyamine dynamic chemistry has indicated that the 

elevated-temperature creep resistance of CANs should not be affected significantly by network 

details or by the presence or absence of fillers [11]. To determine the creep response of our 

dynamic PHU network and the potential impact of POSS incorporation on the response, linear 

viscoelastic creep tests were performed at 80 °C and 90 °C, some 50−60 °C below the 

reprocessing temperature, under a constant 3.0 kPa shear stress. At both temperatures, the 

materials are well above their Tgs and in the rubbery plateau regime. Fig. 11 shows the creep 
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responses for the neat PHU network and PHU–POSS network composites. For all systems, the 

time-dependent creep is extremely small after 50000 s (~14 h). Creep strain values (Δε) 

summarized in Table 3 were determined as the difference in strain at t = 50000 s and t = 1800 s 

(i.e., Δε = ε50000 − ε1800) such that the values only reflect pure creep, instead of delayed elastic 

deformation [83]. The creep strain values of neat PHU and PHU–POSS composites are only 

0.003 (i.e., 0.3%) at 80 °C and 0.005 (i.e., 0.5%) at 90 °C, which are extremely small and 

comparable to the response associated with permanently cross-linked static networks [82–84]. 

These results indicate that the hydroxyurethane dynamic chemistry is very effective in 

suppressing long-term elevated-temperature creep at 80−90 °C, and this excellent creep-resistant 

feature is not affected significantly by POSS incorporation in which POSS serves as a fraction of 

the dynamic covalent crosslinks in the network. 

  

Fig. 11. Creep responses for the neat PHU network and PHU–POSS network composites at (a) 

80 °C and (b) 90 °C. 

 

 Finally, we note that in Fig. 11 the instantaneous strains do not strictly follow a 

decreasing trend with increasing POSS content. Based on our previous experience with shear 

creep measurements on solid-state samples using a parallel-plate fixture, the instantaneous strain 

values are strongly impacted by the surface roughness of the samples. The samples need to be 
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cured into a disk shape using a high-temperature compression molding device before the creep 

measurements. If the disks have very smooth surfaces after curing, the instantaneous strain 

usually reflects the trend in modulus very well. However, if the samples have relatively rough 

surfaces, the normal force acting on the samples needs to be adjusted until a good contact with 

the parallel plate is achieved, and this kind of adjustment usually results in impacts on the 

instantaneous strain values. Nevertheless, creep is a time-dependent response, and the creep 

strain is determined from the absolute change in strain values over time, so the instantaneous 

strain value should not have impacts on the time-dependent strain that is associated with creep.  

Table 3. Creep strain, Δε, of neat PHU network and PHU–POSS network composites at different 

temperatures under a constant creep stress of 3.0 kPa. 

sample Δε at 80 °C Δε at 90 °C 

Neat PHU 0.003 0.004 

PHU-POSS-5% 0.003 0.004 

PHU-POSS-10% 0.003 0.005 

Note: Creep strain is taken as Δε = ε50000 s – ε1800 s. 

 

4. Conclusion 

We have used POSS with cyclic carbonate end groups as covalently attached nanofillers 

to develop reprocessable PHU–POSS network composites. The incorporation of POSS leads to 

enhanced thermal stability and significantly enhanced rubbery plateau modulus of the networks 

relative to the PHU without nanofiller. Because of the inherent dynamic nature of 

hydroxyurethane linkage, the PHU–POSS network composites can be melt-reprocessed at 

elevated temperatures. With up to 10 wt% POSS loading, PHU–POSS network composites 

exhibit excellent reprocessability and can undergo multiple reprocessing cycles with 100% 

recovery of cross-link density; such excellent property recovery has not been achieved before 

with dynamic PHU network composites derived from conventional silica nanoparticles. The 
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stress relaxation activation energy Ea,τ associated with the average relaxation time of the 

networks was determined using the data from the high-temperature stress relaxation tests. It was 

found that Ea,τ increases when POSS molecules are incorporated into the neat PHU matrix, 

suggesting an increase in relaxation barrier. Lastly, the linear viscoelastic creep response of the 

neat PHU network and PHU–POSS network composites was characterized via creep tests under 

a constant 3.0 kPa shear stress. We found that dynamic PHU networks exhibit nearly no creep 

over 50000 s at temperatures of 80−90 °C, indicating the hydroxyurethane dynamic chemistry is 

effective in arresting elevated-temperature creep, regardless of the presence of nanofillers. This 

study highlights the advantages and effectiveness of POSS molecules for fabricating high-

performance reprocessable network composites. 
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