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a b s t r a c t 

The development of tough hydrogels is an essential but challenging topic in biomaterials research that 

has received much attention over the past years. By the combinatorial synthesis of polymer networks 

and hydrogels based on prepolymers with different properties, new materials with widely varying char- 

acteristics and unexpected properties may be identified. In this paper, we report on the properties of 

combinatorial poly(urethane-isocyanurate) (PUI) type polymer networks that were synthesized by the 

trimerization of mixtures of NCO-functionalized poly(ethylene glycol) (PEG), poly(propylene gylcol) (PPG), 

poly( ε-caprolactone) (PCL) and poly(trimethylene carbonate) (PTMC) prepolymers in solution. The result- 

ing polymer networks showed widely varying material properties. 

Combinatorial PUI networks containing at least one hydrophilic PEG component showed high water 

uptakes of > 100 wt%. The resulting hydrogels demonstrated elastic moduli of up to 10.1 MPa, ultimate 

tensile strengths of up to 9.8 MPa, elongation at break values of up to 624.0% and toughness values 

of up to 53.4 MJ m 

−3 . These values are exceptionally high and show that combinatorial PUI hydrogels 

are among the toughest hydrogels reported in the literature. Also, the simple two-step synthesis and 

wide range of suitable starting materials make this synthesis method more versatile and widely appli- 

cable than the existing methods for synthesizing tough hydrogels. An important finding of this work is 

that the presence of a hydrophobic network component significantly enhances the toughness and tensile 

strength of the combinatorial PUI hydrogels in the hydrated state. This enhancement is the largest when 

the hydrophobic network component is crystallizable in nature. In fact, the PUI hydrogels containing a 

crystallizable hydrophobic network component are shown to be semi-crystalline in the water-swollen 

state. Due to their high toughness values in the water-swollen state together with their water uptake 

values, elastic moduli and ultimate tensile strengths, the developed hydrogels are expected to be 

promising materials for biomedical coating- and adhesive applications, as well as for tissue-engineering. 

Statement of significance 

The development of tough hydrogels is a challenging topic that has received much attention over the past 

years. At present, double network type hydrogels are considered state-of-the-art in the field, demonstrat- 

ing toughness values of several tens of MJ m 

−3 . However, in terms of ease and versatility of the synthesis 

method, the possibilities are limited using a double network approach. 

In this work, we present combinatorial poly(urethane-isocyanurate) type polymer networks and hydro- 

gels, synthesized by the trimerization of mixtures of NCO-functionalized prepolymers. The resulting hy- 

drogels demonstrate exceptionally high toughness values of up to 53 MJ m 

−3 , while the synthesis method 

is versatile and widely applicable. This new class of hydrogels is therefore considered highly promising 

in the future development of load-bearing biomaterials. 
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1. Introduction 

During the past decades, hydrogels have played an increasingly

important role in the development of biomaterials [1] . The inter-

esting material properties of hydrogels, including a high water up-

take ( > 100 wt%), typical biocompatibility and physical properties

resembling the natural extracellular matrix, have been exploited

in a wide range of biomedical applications, such as drug-delivery,

tissue engineering, injectable fillers and many more [2] . However,

the poor toughness typically associated with hydrogel materials is

still a drawback and has limited the exploitation of the full poten-

tial of hydrogel materials so far. As a result, promising applications

as load-bearing biomaterials largely remain out of reach. Conse-

quently, the development of tough hydrogels has received much

attention over the past years [3–5] . 

Presently, several approaches exist for synthesizing tough

hydrogels, which include (interpenetrating) double network (DN)

hydrogels [3 , 6 , 7] , combinatorial hydrogels [8–10] , thermoplastic

polyurethane (TPU) hydrogels [11 , 12] , (nano)composite hydrogels

[13–15] , rotaxane-based hydrogels [16] and physical interaction

enhanced hydrogels (also referred to as hydrophobic associa-

tion hydrogels) [17–21] . Of these, the interpenetrating double

network (DN) approach (see Scheme 1 ) is presently the most

widely-studied technique leading to the best-performing materials

[7 , 22–28] . Although the double network approach has its advan-

tages in terms of mechanical performance, there are still some

drawbacks there. These are mostly found in terms of practicality
Scheme 1. Schematic representation of (a) the newly proposed combinatorial trimeriz

poly(urethane-isocyanurate) (PUI) networks; compared to synthesis via (b) interpenetra

steps and (c) the combinatorial photocrosslinking of mixtures of (meth)acrylate-functiona
nd applicability. For example, typically a multi-step sequential

rosslinking-swelling-crosslinking procedure is needed to obtain

he interpenetrating double network structure that is required to

chieve the desired material properties [29] . In general, in terms

f type and molecular weight of possible starting materials and

he resulting control over the final material properties, the range

f possibilities is considered limited in a DN approach. 

An alternative approach for synthesizing tough hydrogels is

ased on the combinatorial (photo)crosslinking of mixtures of

ydrophobic and hydrophilic (meth)acrylate-functionalized pre-

olymers (see Scheme 1 ) [8–10] . Although these combinatorial

ydrogels did not yet demonstrate the same level of toughness

r tensile strength as the best-performing DN hydrogels, they did

atch those of various biological materials, most notably cartilage

10] . Meanwhile, the relative simplicity of the synthesis method,

he wide range of possible starting materials and the range and

ontrol over the final material properties are a clear advantage of

 combinatorial synthesis approach [30] . 

We recently developed a method to synthesize homopolymeric

ell-defined poly(urethane-isocyanurate) (PUI) type polymer net-

orks, that is based on the trimerization of NCO-functionalized

repolymers [31] . These networks, similar to photocrosslinked

ombinatorial ones, are readily synthesized and the use of a wide

ange of starting materials (i.e. any di- or polyol) and a wide

ange and control over final material properties are possible.

nterestingly, it was found that the hydrophilic homopolymeric

UI materials based on poly(ethylene glycol) (PEG) prepolymers
ation of mixtures of NCO-functionalized prepolymers, resulting in combinatorial 

ting Double Network (DN) formation by repeated photocrosslinking and swelling 

lized prepolymers. 
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emonstrated relatively high mechanical strength and toughness

n the hydrated state for homopolymeric networks [31] . 

In this paper, we investigate whether combinatorial, het-

ropolymeric PUI networks and hydrogels with high mechanical

trength and toughness in the hydrated state can be synthesized

y the trimerization of mixtures of NCO-prepolymers in solu-

ion, as illustrated in Scheme 1 . Since we focus on gels suitable

or biomedical applications, we use combinations of several hy-

rophilic and hydrophobic polymeric diols that are often applied

n the biomedical field, including poly(ethylene glycol) (PEG),

oly(propylene gylcol) (PPG), poly( ε-caprolactone) (PCL), and

oly(trimethylene carbonate) (PTMC). In the molecular weight

ange used, PEG is a crystallizable hydrophilic polymer with a

lass transition temperature (T g ) between −24 °C and −37 °C and

 peak melting temperature (T m 

) between 58 °C and 66 °C [32 , 33] .

CL is a crystallizable hydrophobic polymer with a T g and T m 

of

pproximately −60 °C and 59 °C, respectively, while PPG and PTMC

re amorphous hydrophobic polymers with T g s of approximately

60 °C and −15 °C, respectively [34–36] . 

. Experimental details 

.1. Materials and methods 

Poly(ethylene glycol)s ( M n 4 and 10 kg/mol), stannous oc-

oate (Sn(II)Oct 2 ), 1,6-hexanediol and propylene carbonate were

urchased from Sigma-Aldrich. Poly( ε-caprolactone)s ( M n 4 and

 kg/mol) were kindly supplied by Perstorp Chemicals GmbH.

rimethylene carbonate (TMC) was kindly supplied by ForYou

edical Devices Co Ltd. Hexamethylene diisocyanate (HDI) and

oly(propylene glycols) ( M n 4 and 8 kg/mol) were supplied by

ovestro Deutschland AG. All other chemicals were purchased from

igma-Aldrich. 

All reactions were conducted under a nitrogen atmosphere

sing standard Schlenck-line techniques. Differential scanning

alorimetry (DSC) measurements were performed under nitrogen

n ca. 10 mg samples on a Perkin-Elmer Calorimeter DSC-7. Sam-

les in the dry state were measured in 2 heating runs from

100 °C to + 150 °C with a heating rate of 20 °C/min and a cool-

ng rate of 20 °C/min. Samples in the hydrated state were mea-

ured in a high-pressure DSC-pan in 1 heating run from + 5 °C to

 80 °C with a heating rate of 20 °C/min. The glass transition tem-

erature(s) (T g ), peak melting temperature(s) (T m,p ) and melting

nthalpy value(s) ( �H m 

, obtained from the area under the melting

eak) were determined based on the last heating run. NMR-spectra

ere collected on a Bruker Advance III-700 in the specified solvent.

TIR-spectra were recorded on a Bruker FTIR Spectrometer Ten-

or II with Platinum-ATR-unit with diamond crystal. Size exclusion

hromatography (SEC) was performed according to DIN 55672–

:2016-03, on 4 PSS SDV Analytical columns (2 × 100 Å, 5 μm;

 × 10 0 0 Å, 5 μm) using an Agilent 1100 Series pump and an Agi-

ent 1200 Series UV Detector (230 nm) with tetrahydrofuran as the

lution solvent at 40 °C and 1.00 mL/min. Residual monomeric di-

socyanate contents were determined by gas chromatography (GC)

ccording to DIN EN ISO 10283 on an Agilent Technologies 6890 N

ystem using a 15.0 m DB17 column and tetradecane as an internal

tandard. Tensile tests were performed in triplicate at room tem-

erature using a Zwick Z0.5 tensile tester equipped with a 500 N

oad cell at 200 mm/min. with a grip-to-grip separation of 35 mm

n strips of approximately 60 × 4 × 0.5 mm cut from a cured film.

lastic moduli and strain values were derived from the initial grip-

o-grip separation and are therefore indicative only. The toughness

alues of the materials were calculated from the work at break

alue, normalized for the dimensions of the specimen. 

For swelling measurements, three samples measuring approx-

mately 10 × 20 × 0.5 mm were cut from a cured, extracted and
ried film and weighed (denoted m i ). Each sample was then

wollen in excess water for at least 24 h, blotted dry and weighed

gain in the hydrated state (denoted m s ). The water uptake was

efined as: 

ater uptake = 

m s − m i 

m i 

× 100% 

.2. Synthesis of an OH-functional PTMC polymeric diol 

A PTMC polymeric diol was synthesized by the previously re-

orted ring-opening polymerization of trimethylene carbonate, us-

ng 1,6-hexandiol as the initiator and Sn(II)Oct 2 as the catalyst [8] .

nder dry conditions, 101.1 g (0.99 mol) of trimethylene carbon-

te was weighed into a dried and nitrogen-secured 250 mL 3-neck

ask. Next, 2.93 g (24.8 mmol) of 1,6-hexanediol was added and

he mixture was heated to 130 °C. Next, 55 mg of Sn(II)Oct 2 was

dded and the mixture was kept at 130 °C for 40 h. The resulting

roduct was collected as a viscous, transparent, colorless resin and

nalyzed by SEC and 

1 H NMR (60 0 MHz, CDCl 3 ,): δ = 4.0 0 (160H,

rs), 3.39 (4H, brs), 1.64 (80H, brs), 1.35 (4H, brs), 1.04 (4H, brs)

pm. 

.3. Synthesis of NCO-functionalized prepolymers 

All polymeric diols were dried prior to use by azeotropic distil-

ation in toluene, which was subsequently removed under reduced

ressure. In a typical experiment, 0.25 g of dibutylphosphate was

dded to 100 g of dried polymeric diol, which was kept in the

elt using a heat gun where applicable. This mixture was added

ropwise to HDI kept at 100 °C, using a molar ratio of NCO:OH of

5:1, and the resulting mixture was subsequently kept at 100 °C
or 3 h. In the case of PPG polymeric diols, the procedure was per-

ormed at 120 °C and kept at 120 °C for 6 h. The resulting mix-

ure was then transferred dropwise into a cylindrical glass short-

ath thin-film evaporator equipped with Teflon wipers with a vol-

me of approximately 500 mL, which was operated at a reduced

ressure of 1 ·10 −2 mbar at 140 °C. All functionalized prepolymers

ere collected as clear, colorless, viscous resins, of which the PEG-

nd PCL-based resins crystallized upon cooling to room tempera-

ure. Products were analyzed by SEC, GC and 

1 H NMR (700 MHz,

 6 D 6 , representative data for PEG-4k): δ = 4.60 (2H, brs), 4.26 (4H,

), 3.50 (410H, m), 2.97 (4H, q), 2.56 (4H, t), 1.12 (4H, t), 1.02 (4H,

), 0.88 (8H, m) ppm. 

.4. Synthesis of combinatorial poly(urethane-isocyanurate) networks 

y the trimerization of mixtures of NCO-functionalized prepolymers 

n solution 

Combinatorial poly(urethane-isocyanurate) networks were syn- 

hesized in analogy to a previously reported procedure [31] , with

light modifications. In a typical experiment, 4 g of propylene car-

onate was weighed into a polypropylene cup. Next, the respective

CO-prepolymers were added in the melt in the reported weight

atios, always totaling 4 g. The mixture was then kept under nitro-

en under continuous stirring, until a macroscopically homogenous

olution was formed. Whenever crystallization was observed, the

ixture was gently heated to 50–60 °C until the mixture was liq-

id again. The mixture was subsequently degassed by gently ap-

lying a reduced pressure of ca. 1–10 mbar until no more bub-

les were observed, whereby it was observed that no residue was

uilt up in the cooling trap of the vacuum pump. Next, ca. 60 mg

f Sn(II)Oct 2 (corresponding to ca. 0.75 wt% relative to the solu-

ion) was added. After mixing for 15 s in a Hauschild Speedmixer

AC150FVZ, the mixture was brought into a mold consisting of a

.5mm-thick polycarbonate frame clamped between two silanized

lass plates measuring 20 × 10 cm and kept at 90 °C for 48 h. Un-

ess reported otherwise, all reaction mixtures were optically trans-

arent within 15 min after heating to 90 °C. Cured samples were
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Table 1 

Characterization of the NCO-functionalized prepolymers. M n represents the molecular weight of the NCO-functionalized 

prepolymer as calculated from the respective 1 H NMR spectrum; Đ represents the polydispersity index of the NCO- 

functionalized prepolymer; and Residual HDI Content represents the mass percentage of residual free (unreacted) HDI 

in the NCO-functionalized prepolymer after thin-film evaporation. 

NCO-functionalized prepolymer M n [kg/ mol] Đ [dimensionless] Residual HDI content [wt%] 

PEG-4k-diNCO 3.9 1.17 < 0.01 

PEG-10k-diNCO 9.4 1.20 0.09 

PCL-4k-diNCO 3.9 1.30 0.21 

PCL-8k-diNCO 7.8 1.43 0.17 

PPG-4k-diNCO 4.1 1.30 0.02 

PPG-8k-diNCO 8.0 1.13 < 0.01 

PTMC-4k-diNCO 4.1 1.44 0.98 
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collected as flexible, non-sticky films, which were macroscopically

homogeneous, unless reported otherwise. The films were subse-

quently extracted by swelling in an excess of acetone for 12–24 h

while periodically refreshing the solvent. Typically, 6–8 films were

extracted simultaneously using 3 × 500 mL acetone. Next, 5 L of n-

hexane was slowly dripped into the 500 mL of acetone over the

course of 24 h which was allowed to overflow, thereby slowly ex-

changing the acetone with n-hexane. During this process, the films

slowly contracted. The resulting films were then dried, first in air

and subsequently in vacuum, and analyzed by FTIR, swelling, ten-

sile testing and DSC experiments as described. The remainder of

each film was then swollen in an excess of water for at least 24 h,

and analyzed in the water-swollen state by tensile testing and DSC

experiments. 

3. Results and discussion 

3.1. Synthesis of NCO-functionalized prepolymers 

All polymeric diols were functionalized using hexamethylene

diisocyanate (HDI), in a procedure analogous to the one described

before [31] . In the case of the PPG polymeric diols, the reaction

temperature and time were increased to 120 °C and 6 h, respec-

tively. This was done because the uncatalyzed urethanization re-

action typically occurs less readily for secondary alcohols than

for primary alcohols. Since as-received commercial polymeric di-

ols may contain traces of base, working under slightly acidic con-

ditions was always ensured by adding a small amount of dibutyl

phosphate (DBP) to the reaction mixture prior to reaction. This was

done in order to prevent any undesired side-reactions involving the

isocyanates, such as isocyanurate (trimer), uretdione (dimer) or al-

lophanate formation. 

Based on 

1 H NMR, it was confirmed that the functionalization

of all polymeric diols with HDI succeeded selectively and quanti-

tatively. No side products were observed in the 1 H NMR spectra.

From the 1 H NMR-spectra, the average molecular weights of the

functionalized prepolymers were calculated. In order to synthesize

functionalized prepolymers with a narrow molecular weight distri-

bution, a large molar excess of HDI of 15:1 was used. Using SEC, it

was shown that the polydispersity index ( Đ= M w 

/ M n ) of the pre-

polymers after functionalization was relatively low and was always

< 1.5. Finally, it was confirmed by GC that the unreacted excess

of monomeric diisocyanate was effectively removed by short-path

thin-film evaporation. This resulted in functionalized prepolymers

with a residual HDI content lower than 1wt% in all cases. The char-

acteristics of all functionalized prepolymers are reported in Table 1 .

3.2. Synthesis of combinatorial poly(urethane-isocyanurate) networks 

by the trimerization of mixtures of NCO-functionalized prepolymers 

in solution 

Various combinatorial poly(urethane-isocyanurate) (PUI) poly-

mer networks were synthesized by the trimerization of mixtures
f NCO-functionalized prepolymers. The synthesis approach was

imilar to the one reported previously for single-network PUIs,

ith the main difference that here the crosslinking reaction was

erformed in solution instead of in bulk [31] . This was done

ecause typically NCO-prepolymers of different nature are not ho-

ogeneously miscible as such. Propylene carbonate was selected

s a high-boiling aprotic inert solvent in which the combinatorial

rimerization reactions could be carried out at a concentration

f 50wt%. In most cases, the 50wt% solutions of combined NCO-

unctionalized prepolymers in propylene carbonate were stable,

omogeneous and transparent at room temperature. In some

ases, the prepolymer mixture was slightly turbid at room tem-

erature, indicating a certain degree of phase separation. Typically,

hese prepolymer solutions turned transparent and homogeneous

ithin 15 min after addition of the catalyst and heating to 90 °C
nd remained transparent throughout the trimerization reaction.

n a few cases involving PPG prepolymers, macroscopic phase

eparation into domains with a size of ca. 0.1–1 mm was ob-

erved during the trimerization reaction. The resulting polymer

lms were heterogeneous after crosslinking. These films were not

haracterized. Whenever this was the case, it is indicated in the

able(s) where the material properties are reported. 

To obtain the networks in the dry state after the trimerization

eaction was completed, the high boiling propylene carbonate was

xtracted from the polymer networks using acetone. In order to

ubsequently de-swell the polymer films in a controlled manner,

he acetone was slowly exchanged for n-hexane over the course

f 24 h. Since n-hexane is a non-solvent for all the network com-

onents used in this study, this solvent-exchange-process resulted

n the contraction of the networks. Typically, the films also turned

paque during this process. This indicates that (micro)phase sepa-

ation of the different network components took place within the

olymer networks upon de-swelling. 

After drying, the completion of the trimerization reaction was

onfirmed in all cases by FTIR. This was done by confirming the

isappearance of the absorption peak in the range of 2270 cm 

−1 

ssociated with the NCO groups. Simultaneously, the appearance

f an extra carbonyl peak in the range of 1690 cm 

−1 associated

ith the aliphatic isocyanurate (trimer) was confirmed, in anal-

gy to what was reported previously [31] . It was observed that the

olymer films remained opaque upon drying, indicating phase sep-

ration. 

.3. Material properties of combinatorial poly(urethane-isocyanurate) 

etworks in the dry state 

The thermal and tensile material properties of the polymer

etworks in the dry state are reported in Table 2 . In the tensile

ests, the networks displayed widely varying mechanical prop-

rties, ranging from relatively stiff to more flexible and ductile

lastomeric behavior. A selection of tensile stress–strain diagrams

s shown in Fig. 1 a. The wide range of mechanical properties is
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Table 2 

Characterization of combinatorial PUI networks in the dry state. The prepolymers present in the networks (indicated by a gray 

box) are present in equal weight percentages. Numbers in parentheses represent standard deviations. 

a n = 1. 
b macroscopic phase separation observed during crosslinking, resulting in a heterogeneous polymer film. 
c not observed. 
d n = 2. 

b  
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est indicated by the elastic moduli measured in the dry state

E mod,dry ), which covered a range of values from 1.5 MPa to

21.1 MPa. Also the ultimate tensile strengths ( σ b,dry ) and elonga-

ion at break values ( εb,dry ) varied widely and ranged from 0.5 MPa

o 25.1 MPa and from 47.2% to 1305%, respectively. Starting from

nly 4 different types of common polymeric diols, this shows that

he synthesis method allows for the production of a wide variety

f materials. The toughness values of the networks (W tensile,dry )

ere calculated from the work at break values and are reported

n Table 2 as well. They cover a range from a few MJ m 

−3 for

he weaker networks up to 150 MJ m 

−3 for the toughest network.

n the dry state, no direct correlation between the molecular

eight of the prepolymers and the mechanical properties of the

etworks could be observed. The expected reason for this is

hat the differences in molecular weight of the prepolymers also

ffect the crystallinity of the networks, which will be discussed

elow. 

Analogous to the single-network PUIs reported previously, the

hermal properties of the combinatorial networks (reported in
able 2 ) are dictated by the thermal properties of the respective

olymer network components present in the network. It was

ound that whenever a crystallizable prepolymer was present in

he combinatorial PUI network, a corresponding crystallization

eak was observed in the DSC curve of the network. In fact, in

he cases where two crystallizable prepolymer components of

 different nature were present in one combinatorial network

networks 2, 3, 7 and 8), an overlapping double melting peak was

bserved in the DSC measurements of the network. In the case of

etwork 3, of which the DSC curves are shown as an example in

ig. 1 b, even two separate melting- and crystallization peaks were

bserved. At this point it is worthwhile to note that all solutions

ontaining PEG and PCL prepolymers were optically transparent

nd homogeneous throughout the crosslinking reaction. It is there-

ore expected that the prepolymers were homogeneously mixed

t the molecular level during crosslinking. The fact that separate

elting peaks are then observed for the covalently crosslinked

ombinatorial polymer network in the dry state is notewor-

hy. This indicates that the two separate crystallizable network
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Fig. 1. Physical characterization of selected combinatorial poly(urethane-isocyanurate) networks in the dry state: (a) tensile stress–strain curves of several PUI networks 

in the dry state. The numbers correspond to the network numbers reported in Table 2 . To illustrate the wide range of elastic moduli, the initial part of the stress–strain 

diagrams is shown in the inset; (b) DSC curves of network 3 (a PEG-4k/PCL-8k combinatorial PUI network) in the dry state, showing a double melting peak and a double 

crystallization peak in both heating runs and in the cooling run, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c  

i  

o  

w  

b  

m

 

t  

p  

w  

c  

v  

t  

t  

s  

o  

t  

t  

d  

i  

u  

h  

h  

s  

p  

i  

r

 

m  

f  

I  

l  

2  

d  

4  

P  

i  

a  

s  

p

 

d  
components of different nature were able to crystallize within the

same combinatorial polymer network. 

3.4. Mechanical properties of combinatorial 

poly(urethane-isocyanurate) networks in the hydrated state 

All combinatorial PUI networks were characterized by swelling

in water. The resulting water uptake values of the materials are re-

ported in Table 3 . As expected, all networks containing at least one

hydrophilic PEG component (samples 1W–11W, marked in blue

in Table 3 ) strongly swelled in water and can therefore be clas-

sified as hydrogels. These materials all demonstrated water up-

takes > 100 wt%. Samples that did not contain any hydrophilic

PEG component (samples 12W–20W) were hydrophobic in nature

and therefore barely swelled in water. These networks all demon-

strated water uptakes < 2.5 wt% and are not considered hydro-

gels. Generally, it was found that water uptake of the networks

was dictated by the molecular weight and nature of the prepoly-

mers present in the network. Networks based on lower molecular

weight prepolymers, having a denser network structure, typically

demonstrated lower water uptake values than their higher molec-

ular weight counterparts. 

The mechanical properties of all combinatorial networks in

the hydrated state are reported in Table 3 . The mechanical prop-

erties of the hydrophobic networks (networks 12W–20W) did

not change considerably compared to the dry state and will not

be further discussed. The mechanical properties of the networks

classified as hydrogels (networks 1W–11W) on the other hand

changed considerably compared to the dry state, most notably by

a strong decrease in elastic modulus, ultimate tensile strength and

elongation at break. These hydrogels demonstrated elastic moduli

in the hydrated state (E mod,wet ) ranging from 0.5 MPa to 10.1 MPa.

The ultimate tensile strengths of the hydrogels in the hydrated

state ( σ b,wet ) ranged from 0.03 MPa to 7.7 MPa, increasing up

to 9.8 MPa for the best-performing sample of network 2 W. The

elongation at break values in the hydrated state ( εb,wet ) ranged

from 82.2% to 624%. The toughness values of the hydrogels in

the hydrated state (W tensile,wet ) were calculated from the work

at break values and ranged from 0.02 MJ m 

−3 to 33.2 MJ m 

−3 ,

increasing up to 53.4 MJ m 

−3 for the best-performing sample of

network 2 W. These values are considered exceptionally high for

hydrogels in the hydrated state for the given amounts of water
ontent. The tensile stress–strain diagrams of several PUI hydrogels

n the hydrated state are shown in Fig. 2 a. With the exception

f sample 2 W, the hydrogels synthesized from higher molecular

eight prepolymers typically demonstrated higher elongation at

reak values but lower ultimate tensile strengths than their low

olecular weight counterparts. 

Notably, ultimate tensile strength values of several MPa and

oughness values in the range of several tens of MJ m 

−3 are com-

arable to the toughest double network (DN) hydrogels that are

ell-known from the literature [6 , 23 , 25 , 28 , 37 , 38] . Interestingly, the

ombinatorial PUI hydrogels demonstrate much higher toughness

alues than their comparable combinatorial photocrosslinked (CP)

ype equivalents. As discussed previously, this can likely be at-

ributed to the well-defined poly(urethane-isocyanurate) network

tructure that is obtained by crosslinking using the trimerization

f NCO-prepolymers [31] . For comparison, the mechanical charac-

eristics of a selection of tough hydrogels reported in the litera-

ure are reported in Table 4 . Both double network (DN) type hy-

rogels and combinatorial photocrosslinked (CP) type hydrogels are

ncluded. The highest ultimate tensile strengths and toughness val-

es of the new PUI hydrogels lie in the same range as the PUU-

ydrogels reported by Yang et al., which are presently the toughest

ydrogels reported in the literature [12] . Considering the relative

implicity and especially the versatility of the synthesis method re-

orted here, combinatorial PUI hydrogels are considered a promis-

ng candidate for the future development of tough hydrogels and

elated biomaterials. 

To investigate the effect of the swelling in water on the ther-

al properties of the combinatorial PUI hydrogels, we also per-

ormed DSC experiments in the water-swollen state (see Table 3 ).

nterestingly, for all combinatorial hydrogels containing a crystal-

izable PCL prepolymer as the hydrophobic component (hydrogels

W, 3W, 7W and 8W) a melting peak was observed in the hy-

rated state. The melting peaks were all found in the range of

2 °C to 57 °C, which corresponds to the typical melting range of

CL domains within a PUI polymer network [31] . Significant melt-

ng enthalpies of 10–20 J/g were measured for these hydrogels. As

n example, the DSC heating curve of hydrogel 2W in the hydrated

tate is shown in Fig. 2 b, showing a clear semi-crystalline melting

eak around 42.6 °C. 

The observed melting peaks suggest that the segregated hy-

rophobic domains observed in the dry state remain intact when
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Table 3 

Characterization of combinatorial PUI networks in the hydrated state. The prepolymers present in the networks (indicated 

by a gray box) are present in equal weight percentages. Numbers in parentheses represent standard deviations. Networks 

demonstrating a water uptake > 100% are defined as hydrogels and are marked in blue. 

a not observed. 
b macroscopic phase separation observed during crosslinking, resulting in a heterogeneous polymer film. 
c n = 1. 
d n = 2. 

Table 4 

Characteristics of several tough hydrogel materials reported in the literature. 

Hydrogel material Swelling Tensile 

Water uptake [wt%] E mod,wet [MPa] σ b,wet [MPa] εb,wet [%] W tensile,wet [MJ m 

−3 ] 

PDLLA-PCL-PEG CP a 132 (59) 0.43 (0.04) 1.08 (0.47) 320 (78) 1.46 b (0.71) 

PTMC-PDLLA-PCL-PEG CP c 181 (2) 1.49 (0.38) 1.81 (0.31) 283 (60) - d 

PAMPS-PAAm DN 

e 900 f - d 0.68 75 - d 

PDMAEA-Q/PNaSS DN 

g 73.9 f (7.4) 7.9 (0.6) 5.1 (0.6) 750 (80) 18.8 (1.9) 

Alginate-PAAm DN 

h 614 f 0.029 0.156 2200 - d 

SA/PAMAAc JDN 

i 567 f - d 1.8 (0.03) 655.7 (26.7) - d 

PUU3-12 j 186 f 2.5 8.5 1000 45 

Cartilage k 400 2.5 1.5 100 - d 

a Data on a PDLLA-10k/PCL-4k/PEG-10k combinatorial photocrosslinked network (PDLLA-PCL-PEG CP) [10] . 
b Recalculated (and corrected) from original data. 
c Data on a PTMC-4k/PDLLA-4k/PCL-4k/PEG-4k combinatorial photocrosslinked network (PTMC-PDLLA-PCL-PEG CP) [9] . 
d Data not reported. 
e Data on a poly(2-acrylamido-2-methylpropanesulfonic acid)-poly(acrylamide) double network (PAMPS-PAAm) [25] . 
f Recalculated from original data. 
g Data on an acryloyloxethyltrimethylammonium chloride-sodium p-styrenesulfonate (PDMAEA-Q/PNaSS) double network [28] . 
h Data on a calcium alginate/poly(acrylamide-acrylic acid) double network (Alginate-PAAm DN) [38] . 
i Data on a sodium alginate/poly(acrylamide-acrylic acid) joint double network (SA/PAMAAc JDN) [23] . 
j Data on a PEG-2k/IPDI Polyurethane-urea physical network (PUU3-12) [12] . 
k Data on patella cartilage [39] . 
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Fig. 2. Physical characterization of selected combinatorial PUI hydrogels in the hydrated state; a) tensile stress–strain diagrams of several hydrogels in the hydrated state. The 

numbers correspond to the network numbers reported in Table 3 . In the inset, a more detailed plot is shown of the curves of hydrogels 3W, 6W, 8W and 11W; b) The DSC 

heating curve of hydrogel 2W (a PEG-4k/PCL-4k combinatorial PUI hydrogel) in the hydrated state, showing a clear melting peak around 42.6 °C; c) schematic representation 

of the intermolecular interactions present within the hydrophobic phase of a combinatorial hydrogel. These intermolecular interactions can be semi-crystalline in nature (e.g. 

for hydrogel 2W, on the left) or amorphous in nature (e.g. for hydrogel 6W, on the right). 
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the combinatorial network is swollen in water. The presence of

such segregated hydrophobic domains within a swollen hydro-

gel network has been reported in the literature before and has

been correlated to a significant enhancement of the mechanical

performance of a hydrogel [17–21 , 40] . The high toughness values

and generally good mechanical properties of the combinatorial PUI

hydrogels in the hydrated state can likely be attributed to this

effect. 

Segregated hydrophobic domains within swollen hydrogel net-

works can be either amorphous or semi-crystalline in nature. In

the amorphous case, the intermolecular interactions between the

hydrophobic network components are random and non-specific in

nature, as sketched in Fig. 2 c on the right side. The current PUI

hydrogels containing an amorphous PPG- or PTMC prepolymer as

the hydrophobic component (hydrogels 4W, 5W, 6W, 9W, 10W and

11W) are also examples of such hydrogels. The mechanical perfor-

mance of these hydrogels is better than that of single-network hy-

drogels, but is not exceptional. 

In the combinatorial PUI hydrogels containing a crystallizable

PCL prepolymer as the hydrophobic network component however,

the segregated hydrophobic domains are semi-crystalline in nature.

In these hydrogels (2W, 3W, 7W and 8W), the intermolecular in-

teractions between the hydrophobic network components are well-

ordered and cooperative, as sketched in Fig. 2 c on the left side. The

presence of such crystalline domains is generally associated with

a strong increase in the toughness of a material [41] . In fact, the

combinatorial hydrogels containing a semi-crystalline PCL phase

demonstrate the highest toughness values in the hydrated state of

all combinatorial PUI hydrogels studied. The high toughness val-
es are likely attributable to the semi-crystalline nature of the hy-

rophobic domains of these hydrogels. 

.5. Potential biomedical applications 

The PUI hydrogels developed in this work consist of chemical

oieties that are known to be biocompatible or are expected to be

iocompatible based on their chemical structure [34 , 42 , 43] . Also,

omparable homopolymeric PEG-based PUI hydrogels have been

hown to be biocompatible in indirect cytotoxicity studies [44] .

ogether with their water uptake, elastic moduli, ultimate tensile

trength and toughness values in the water-swollen state, several

f the new combinatorial PUI hydrogels are expected to be promis-

ng materials for biomedical applications. 

The PUI hydrogels with a moderate water uptake (100–

00 wt%), high elastic modulus ( > 1 MPa) and high toughness

alues ( > 1 MJ m 

−3 ) are suitable for biomedical adhesive or

oating applications [45] . In fact, considering that conventional PUI

aterials are well-established in the coatings and adhesives in-

ustry already, their potential application as biomedical adhesives

nd coatings is sensible [46] . These materials could be applied

s coatings for catheter and cannula devices, coatings for suture

aterials and/or as direct tissue adhesives. The PUI hydrogels with

igh ultimate tensile strengths ( > 1 MPa) and high toughness

alues ( > 1 MJ m 

−3 ) could be suitable for tissue engineering

pplications. Since the values reported here most closely represent

atural cartilage and cardiovascular materials (see Tables 3 and

 ), the synthesis of artificial substitutes for these materials seems

ost promising [39 , 47] . Upon further improvement of the tensile
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echanical properties, also the synthesis of artificial tendons

nd/or ligaments might become possible in the future. 

. Conclusions 

Combinatorial poly(urethane-isocyanurate) (PUI) polymer net- 

orks can be effectively synthesized by the trimerization of mix-

ures of NCO-functionalized PEG-, PCL-, PPG- and PTMC prepoly-

ers. The resulting polymer networks demonstrate widely vary-

ng material properties in the dry state, highlighting the wide

pplicability and versatility of the synthesis method. Combinato-

ial networks consisting of two different crystallizable prepolymers

emonstrate a double melting peak in the DSC experiments in the

ry state, showing that two different network components are able

o crystallize simultaneously within one combinatorial PUI net-

ork. 

Combinatorial PUI networks containing at least one hy-

rophilic PEG component demonstrate high water uptake values of

 100wt%. The resulting combinatorial PUI hydrogels exhibit high

echanical resilience in the water-swollen state. This is indicated

y elastic moduli, ultimate tensile strengths, elongation at break

alues and toughness values of up to 10.1 MPa, 9.8 MPa, 624.0%

nd 53.4 MJ m 

−3 , respectively. These values are considered very

igh and show that combinatorial PUI hydrogels are among the

oughest hydrogels reported in the literature so far. 

The presence of a hydrophobic network component in combi-

atorial PUI hydrogel networks is shown to enhance the toughness

nd tensile strength of the hydrogel in the hydrated state. This in-

rease is the largest when the hydrophobic network component is

rystallizable in nature. The combinatorial PUI hydrogels contain-

ng a crystallizable hydrophobic network component were semi-

rystalline in the water-swollen state. These hydrogels are expected

o be promising materials for biomedical coating- and adhesive ap-

lications, as well as for tissue-engineering. 
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