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for synthesizing microscopically well-
defined polymer networks are of special 
interest,[6–8] but typically involve complex 
synthesis and/or are limited to specific 
systems only.[9,10] Therefore, a simple and 
widely applicable method for synthesizing 
well-defined polymer networks would be 
of great use.

In polyurethane chemistry, a well-
known means of network formation 
is by the trimerization reaction of iso-
cyanates.[11] In this reaction, shown in 
Scheme 1b,c, three isocyanate groups 
undergo a step-wise addition reaction 
forming an isocyanurate ring, typically 
catalyzed by a potent nucleophile (Nu−).[12] 
Since the trimerization of isocyanates 
occurs readily and controllably, forming 
well-defined trifunctional isocyanurate 
rings, this reaction is an ideal candidate 
for the synthesis of well-defined polymer 

networks. Surprisingly, the full potential of this reaction toward 
this end has not been exploited yet.

Currently, there are two methods that are commonly adopted 
to prepare polyurethane networks on the basis of isocyanate 
(NCO) trimerization. In the first method, shown in Scheme 2a, 
the trimerization reaction is introduced as an intended side-
reaction during polyurethanization.[13] In this case, a (typi-
cally oligomeric) difunctional alcohol is reacted with a slight 
molar excess of monomeric diisocyanate (typical molar ratios 
for NCO:OH lie between 1.1:1 and 2:1). The remaining isocy-
anates are then trimerized (either simultaneously or afterward), 
resulting in a poly(urethane–isocyanurate) network.[14] In such 
a network, the crosslinking units are well defined and trifunc-
tional. However, as a result of the step-growth-character of the 
polyurethanization reaction, the molecular weight between 
crosslinks (Mc) has a broad molecular-weight-distribution with 
a dispersity index (Đ = Mw /Mn) approaching a value of 2 and is 
therefore poorly defined.[15]

In the second method, shown in Scheme 2b, a mono-
meric diisocyanate is trimerized in advance into a functional 
polyisocyanate mixture (sometimes referred to as “trimer” or 
“hardener”). During this reaction, both the reactants and the 
reaction products contain (equally) reactive isocyanate groups. 
Therefore, this reaction can only be carried out to low conver-
sion. After removal of the unreacted monomer fraction, the 
resulting polyisocyanate mixture consists of a distribution of 
trimers and higher-order oligomers, with a corresponding 

Polyurethane Network Formation

For the study of polymer networks, having access to polymer networks  
with a controlled and well-defined microscopic network structure is of great 
importance. However, typically, such networks are difficult to synthesize. In  
this work, a simple, effective, and widely applicable method is presented 
for synthesizing polymer networks with a well-defined network structure. 
This is done by the functionalization of polymeric diols using a diisocyanate, 
and their subsequent trimerization. Using hexamethylene diisocyanate and 
hydroxyl-group-terminated poly(ε-caprolactone) and poly(ethylene glycol), it 
is shown that both hydrophobic and hydrophilic poly(urethane–isocyanurate) 
networks with a well-defined network structure can readily be synthesized. 
By using in situ infrared spectroscopy, it is shown that the trimerization of 
isocyanate endgroups is clearly the predominant reaction pathway of network 
formation, supporting the proposed mechanism and network structure. The 
resulting networks possess excellent mechanical properties in both the dry 
and in the wet state.

In modern materials chemistry, chemically crosslinked polymer 
networks play a significant role. To understand and control the 
physical properties of these materials, the relation between 
the microscopic, molecular structure of the polymer network 
and the macroscopic material properties is key. Therefore, the 
study of these structure–property relations has received much 
attention over the years.[1–3] For an accurate study, it is essen-
tial to have access to well-defined polymer networks with a 
variable network structure that can be prepared in a controlled 
manner. However, most of the common synthesis methods for 
poly mer networks lead to random network structures which, at 
a molecular level, are poorly defined.[4,5] Consequently, methods 
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Scheme 1. The isocyanate reactions discussed: a) reaction with an alcohol under formation of a urethane bond (in this case uncatalyzed), b) the tri-
merization of isocyanates resulting in the formation of an isocyanurate ring, c) the mechanism of the trimerization reaction catalyzed by a nucleophile 
(Nu−).[12]

Scheme 2. Simplified graphical representation of the discussed synthesis methods for poly(urethane–isocyanurate) networks: a) trimerization during/
after step-growth polyurethanization (also referred to as the “prepolymer two-stage technique,” see ref. [13]) leads to a broad distribution in molecular 
weight between crosslinks (Mc); b) 2-component polyurethane network formation leads to a poorly defined functionality of the crosslinking units, as 
well as to stoichiometry issues; whereas c) the trimerization of NCO-functionalized prepolymers leads to a narrow distribution of molecular weight 
between crosslinks as well as a well-defined functionality of the crosslinking units of exactly 3.
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distribution in functionality that is on average larger than 3.[16] 
To form the poly(urethane–isocyanurate) network, this polyiso-
cyanate mixture is reacted with a polymeric diol as a 2-compo-
nent system. In the resulting network, the molecular weight 
between crosslinks is well defined by the characteristics of the 
polymeric diol used. However, in this case, the functionality 
of the crosslinking units is poorly defined, due to the distri-
bution in functionality of the polyisocyanate mixture. In addi-
tion, the 2-component character of the network formation step 
often leads to stoichiometry issues. In this light, it is worth 
noting that other 2-component approaches for synthesizing 
well-defined polyurethane networks have been described as 
well.[17,18] These are typically based on reacting a macromo-
lecular di-/polyol with a multifunctional isocyanate, or a mac-
romolecular polyisocyanate with a multifunctional alcohol or 
amine. Since these networks do not contain isocyanurate rings, 
and hence are not poly(uretahane-isocyanurate) networks, fur-
ther details will not be discussed in this paper.

Here, we propose a new method for poly(urethane–isocya-
nurate) network formation that combines the benefits of the 
two previously described techniques, see Scheme 2c. First, a 
polymeric diol (with a narrow molecular-weight-distribution) 
is functionalized using a large excess of monomeric diisocy-
anate. After the removal of the unreacted excess of monomeric 
diisocyanate, an NCO-functionalized prepolymer with a narrow 
molecular-weight-distribution is obtained. This functionalized 
prepolymer is then trimerized to form the poly(urethane–
isocyanurate) network. In this case, the molecular weight 
between crosslinks is expected to be well defined (i.e., dis-
playing a narrow molecular-weight-distribution), while at the 
same time all the crosslinking units are well defined and tri-
functional. Furthermore, since the network formation step is 
based on a single-component reactive system, no stoichiometry 
issues arise. A simple and effective method with a wide applica-
bility (i.e., to any polymeric diol) for synthesizing well-defined 
poly mer networks is thus provided. It is worth noting that we 
chose the term “well-defined” networks deliberately here, as 
the terms “model” or “ideal/perfect” networks, which are also 
found in the literature, include addressing the potential forma-
tion of trapped entanglements and/or macrocycles.

In this paper, two well-known polymeric diols (poly(ε-
caprolactone) [PCL] and poly(ethylene glycol) [PEG]) of different 
molecular weights were functionalized using hexamethylene 
diisocyanate (HDI), and used to respectively prepare well-
defined hydrophobic and hydrophilic polymer networks.

Since commercial polymeric diols may contain traces of base 
as received, a small amount of dibutyl phosphate was always 
added prior to reaction to neutralize the reaction mixture. Based 
on 1H-NMR, it was shown that the functionalization of the 
polymeric PCL and PEG diols with HDI succeeded selectively 
and quantitatively. Specifically, no allophanate formation was 
observed. From the 1H-NMR-spectra, the average molecular 
weight of the functional prepolymers could also be calculated. In 
order to synthesize functionalized prepolymers with a minimally 
affected polydispersity index Đ with respect to the polymeric diol, 
a large molar excess of diisocyanate of 15:1 was used. Using SEC, 
it was shown that during the functionalization with HDI, the 
polydispersity index Đ of the polymers typically only increased 
by about 0.05 compared to the respective polymeric diol. This 
shows that the synthesis of functionalized prepolymers with 
a narrow molecular-weight-distribution close to 1 is possible; 
where the final polydispersity is mostly dependent on the quality 
of the starting material. The resulting polydispersity indices of 
the prepolymers after functionalization are reported in Table 1. 
Finally, it was shown by GC that the unreacted excess of mon-
omeric diisocyanate, as well as any traces of unreacted dibutyl 
phosphate, were effectively removed by short-path thin-film dis-
tillation, resulting in functionalized prepolymers with a residual 
HDI content lower than 0.2 wt% in all cases. The characteristics 
of all functionalized prepolymers are reported in Table 1.

To investigate the proposed mechanism of network forma-
tion, the trimerization reaction was monitored in situ over time 
using attenuated total reflection Fourier-transform infrared 
spectroscopy (ATR-FTIR). In Figure 1, the FTIR-spectra of the 
formation of a PEG-4k network are shown as an example. It 
is seen that the absorption peak at 2270 cm−1, which can be 
attributed to the NCO-stretching vibration, gradually disap-
pears over time until completely absent. More importantly, an 
absorption peak simultaneously appears at 1690 cm−1. This 
peak can be attributed to the absorption of the carbonyl group 
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Table 1. Characterization of the NCO-functionalized prepolymers and their corresponding networks (numbers in parentheses are standard 
deviations).

Polymer NCO-functionalized 
prepolymer

Network

Mn  

[kg mol−1]

Đ [ ] HDI 

content  

[wt%]

Gel  

content  

[wt%]

CHCl3 

uptake  

[wt%]

Water 

uptake 

[wt%]

Tg  

[°C]

Tm,p  

[°C]

Emod dry 

[MPa]
σb,dry  

[MPa]

εb,dry  

[%]

Emod wet 

[MPa]
σb,wet  

[MPa]

εb,wet  

[%]

PCL-4k 3.8 1.29 0.05 99.2  

(0.2)

408.1  

(17.7)

2.0  

(0.7)
−53.0 27.6 6.6  

(0.8)

4.1  

(0.4)

109  

(13)

6.8  

(0.5)

2.7  

(0.2)

62  

(7)

PCL-8k 7.7 1.43 0.17 98.9  

(0.3)

507.4  

(2.2)

1.0  

(0.2)
−55.7 40.6 136.6  

(9.5)

20.9  

(4.5)

224  

(30)

142.9  

(—)a)

22.9  

(—)a)

225  

(—)a)

PEG-4k 4.0 1.15 0.03 100  

(0.0)

598.4  

(7.6)

219.7  

(0.5)
−47.6 40.6 187.7 

(14.4)

13.6  

(2.4)

184  

(63)

3.8  

(0.1)b)

0.9  

(0.1)b)

32  

(3)b)

PEG-10k 10.1 1.08 0.05 96.6  

(1.5)

1265.9 

(155.5)

508.0 

(74.3)
−49.4 55.7 165.2 

(0.4)b)

30.9  

(3.1)b)

700  

(10)b)

1.0  

(0.3)

0.6  

(0.1)

106  

(10)

a)n = 1; b)n = 2.
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of the isocyanurate ring. Noting that in isocyanate chemistry, 
typically, no free carbonyl absorptions other than that of the iso-
cyanurate ring appear at wave numbers lower than 1700 cm−1, 
trimerization of isocyanates is clearly taking place.[19] Further-
more, it should be noted that the rest of the spectrum remains 
essentially unchanged throughout the course of the reaction 
with regard to the shape and intensity of the peaks. This also 
includes the urethane–carbonyl peak at 1721 cm−1. Although 
potential side-reactions such as allophanate and/or uretdione 
(dimer) formation cannot be completely ruled out, the trimeri-
zation of the isocyanate endgroups is clearly the predominant 
reaction pathway of network formation. Based on the proposed 
mechanism, this results in fully crosslinked networks with 
well-defined trifunctional crosslinking units, as sketched in 
Scheme 2c. It should be noted that the formation of trapped 
entanglements (and to a very small extent macrocycle forma-
tion) cannot be ruled out though.

The material properties of the synthesized networks are 
also reported in Table 1. For all networks, high gel contents 
close to 100% were determined. Together with the FTIR 
results discussed before, this shows that the trimerization 
reaction was completed to a high degree of conversion, with 
fully crosslinked networks as a result. As shown by the pres-
ence of a peak melting temperature (Tm,p) in the DSC experi-
ments, all networks were semicrystalline upon cooling. The 
cured PCL-4k and PCL-8k networks possessed degrees of 
crystallinity of 24.9% and 29.4%, respectively, while the 
PEG-4k and PEG-10k networks possessed degrees of crys-
tallinity of 39.3% and 54.4%, respectively. It was seen that 
the peak melting temperatures and degrees of crystallinity 
decreased upon functionalization with HDI, as well as upon 
crosslinking.[18] This can be attributed to the introduction of 
HDI moieties upon functionalization and to a decrease in 
freedom of movement of the polymer chains upon covalent 
crosslinking. Despite that, the degrees of crystallinity of the 
networks were still relatively high, suggesting both a homo-
geneous network structure and a certain remaining degree of 
freedom of movement of the polymer chains and/or of the 

crosslinking units within that structure. These suggestions 
are both supported by the proposed network structure. As 
a result of the crystallinity and high degree of crosslinking, 
the networks showed excellent mechanical properties. The 
PCL-4k and PCL-8k networks possessed E-moduli of 6.6 and 
136.6 MPa, stress-at-break values (σb,dry) of 4.1 and 20.9 MPa 
and strain-at-break values (εb,dry) of 109% and 224%, respec-
tively (see Table 1). The PEG-4k and PEG-10k networks pos-
sessed E-moduli of 187.7 and 165.2 MPa, stress-at-break 
values of 13.6 and 30.9 MPa and strain-at-break values of 
184% and 700%, respectively.

The water uptake of the networks differed significantly. 
The networks based on the hydrophobic PCL polymers barely 
swelled in water, whereas the hydrophilic PEG networks 
strongly swelled in water and can be classified as hydrogels. 
The mechanical properties of the PCL networks in the wet 
state did not differ much from those in the dry state, due to 
the low water uptake of these networks. In the wet state, the 
PCL-4k and PCL-8k networks possessed E-moduli of 6.8 and 
142.9 MPa, stress-at-break values (σb,wet) of 2.7 and 22.9 MPa, 
and strain-at-break values (εb,wet) of 62% and 225%, respectively. 
The mechanical properties of the PEG networks on the other 
hand were clearly affected by equilibration in water, leading 
to high water uptakes of 219.7% for PEG-4k and 508.0% for 
PEG-10k. Nevertheless, the tensile properties of the PEG net-
works could be determined without difficulty even in the 
water-swollen state. In the wet state, the PEG-4k and PEG-10k 
networks possessed E-moduli of 3.8 and 1.0 MPa, stress-at-
break values of 0.9 and 0.6 MPa and strain-at-break values of 
32% and 106%, respectively. Both in the dry state and in the 
wet state, the toughness of all the networks was significantly 
higher than those of comparable non-poly(urethane–isocya-
nurate) based networks, for example, obtained by a function-
alization with acrylates and subsequent crosslinking under UV 
radiation.[20] Likely the improved mechanical properties can 
be attributed to the introduction of the urethane groups and/
or isocyanurate rings. Also, the more homogeneous network 
structure could contribute to improved mechanical properties. 
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Figure 1. ATR-FTIR spectra of the formation of a PEG-4k network by trimerization. “Start. Mat.” shows the spectrum of the NCO-functionalized pre-
polymer without catalyst, whereas “x min.” shows the spectrum of the reaction mixture after addition of the catalyst, evaporation of the solvent and 
curing at 80 °C for x min.
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Based on the combination of the high water uptake and high 
toughness in the wet state, the hydrophilic materials could find 
application in a variety of fields, including tissue engineering, 
biomedical devices and/or drug delivery.

A simple, effective, and widely applicable method was devel-
oped for synthesizing polymer networks with a well-defined 
network structure. Upon functionalization of hydroxyl-group-
terminated PCL and PEG polymers with hexamethylene 
diisocyanate, it was shown that well-defined hydrophobic and 
hydrophilic networks can readily be synthesized by trimeriza-
tion of the prepolymers. The proposed mechanism for network 
formation was supported by in situ ATR-FTIR, extraction and 
thermal measurements. It was shown that the resulting net-
works possessed excellent mechanical properties in terms of 
elongation-at-break, stress-at-break and toughness, in both the 
dry and in the wet state.

Experimental Section
Materials and Methods: Poly(ethylene glycol) (Mn 4 and 

10 kg mol−1) were purchased from Sigma-Aldrich. Poly(ε-caprolactone) 
(Mn 4 and 8 kg mol−1) were kindly supplied by Perstorp Chemicals GmbH. 
Hexamethylene diisocyanate was supplied by Covestro Deutschland AG. 
All other chemicals were purchased from Sigma-Aldrich.

All chemical reactions were conducted under a nitrogen atmosphere 
using standard Schlenck-line techniques. Differential scanning 
calorimetry (DSC) measurements were performed under nitrogen on 
≈10 mg samples on a PerkinElmer calorimeter DSC-7 in two heating 
runs from −100 °C to 150 °C with a heating rate of 20 K min−1. and 
a cooling rate of 20 K min−1. NMR spectra were collected on a Bruker 
Advance III-700 in C6D6. FTIR-spectra were recorded on a Bruker FTIR 
Spectrometer Tensor II with Platinum-ATR-unit with diamond crystal. 
Size exclusion chromatography (SEC) was performed according to DIN 
55672-1:2016-03, on 4 PSS SDV Analytical columns (2 × 100 Å, 5 µm; 
2 × 1000 Å, 5 µm) using an Agilent 1100 Series pump and an Agilent 
1200 Series UV Detector (230 nm) with tetrahydrofuran as the elution 
solvent at 40 °C and 1.00 mL min−1. Residual monomeric diisocyanate 
contents were determined by gas chromatography (GC) according to 
DIN EN ISO 10283 on an Agilent Technologies 6890 N system using a 
15.0 m DB17 column and tetradecane as an internal standard. Tensile 
tests were performed in triplicate at room temperature using a Zwick 
Z0.5 tensile tester equipped with a 500 N load cell at 200 mm min−1 with 
a grip-to-grip separation of 35 mm on strips of ≈60 × 4 × 0.5 mm cut 
from a cured film.

For swelling and solvent uptake measurements, three samples 
measuring approximately 10 × 20 × 0.5 mm were cut from a cured 
film and weighed (denoted mi). Each sample was then extracted with 
chloroform for 24 h while periodically refreshing the solvent. Next, the 
sample was dried, initially in air and subsequently under vacuum until 
constant weight (denoted me). The gel content was then quantified 
using

m
m

Gel content 100%e

i
= ×

Each sample was then swollen in excess chloroform or water for at 
least 24 h, blotted dry, and weighed. Chloroform and water uptake were 
defined as:

m m
m

Solvent uptake 100%s e

e
= − ×

where ms is the weight of an extracted specimen after swelling in the 
specified solvent.

Synthesis of NCO-Functionalized Prepolymers: All polymeric diols 
were dried prior to use by azeotropic distillation in toluene, which was 
subsequently removed under reduced pressure. In a typical experiment, 
0.25 g of dibutyl phosphate was added to 100 g of dried polymeric diol 
(kept in the melt using a heat gun). This mixture was added dropwise to 
HDI at 100 °C, using a molar ratio of NCO:OH of 15:1, and subsequently 
kept at 100 °C for 3 h. The resulting mixture was then transferred to 
a short-path thin-film evaporator, which was operated at a reduced 
pressure of 1∙10−2 mbar at 140 °C. The functionalized prepolymers 
were collected as clear, colorless, viscous resins that crystallized upon 
cooling. Products were analyzed by SEC, GC and 1H-NMR (600 MHz, 
C6D6, representative data for PEG-4k): δ = 4.60 (2H, brs), 4.26 (4H, t), 
3.50 (410H, m), 2.97 (4H, q), 2.57 (4H, t), 1.12 (4H, t), 1.02 (4H, t), 0.88 
(8H, m) ppm.

Synthesis of Poly(urethane–isocyanurate) Networks by the Trimerization 
of NCO-Functionalized Prepolymers: In a typical experiment, 12 droplets 
of Sn(II)Oct2 (corresponding to ≈0.75 wt% relative to the polymer) 
were added to 8 g of NCO-functionalized prepolymer at 90 °C. After 
mixing for 30 s in a Hauschild Speedmixer DAC150FVZ, the mixture was 
brought into a mold consisting of a 0.5-mm-thick polycarbonate frame 
clamped between two silanized glass plates and kept at 90 °C for 24 h. 
Cured samples were collected as flexible transparent films, of which 
PCL-8k-, PEG-4k-, and PEG-10k-based films slowly turned opaque upon 
cooling. The films were analyzed by extraction, swelling, tensile testing, 
and DSC experiments. From the DSC measurements, melting enthalpy 
values were obtained from the area under the melting peak. The degree 
of crystallinity was then defined as:

H
H

Degree of crystallinity 100%f

f ,crys
= ∆

∆ ×

where ΔHf is the melting enthalpy of the sample and ΔHf,crys is the 
melting enthalpy of a 100% crystalline sample, for which values were 
taken from the literature as 139.5 J g−1 for PCL[21] and 197 J g−1 for PEG,[22] 
respectively. For ATR-FTIR measurements, the catalyst was added to a 
50 wt% solution of functionalized prepolymer in dichloromethane, after 
which the solvent was allowed to evaporate at RT overnight. A small 
sample was then placed directly onto the ATR-crystal and kept at 80 °C 
for 3 h.
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