
Polyurea Networks from Moisture-Cure, Reaction-Setting, Aliphatic
Polyisocyanates with Tunable Mechanical and Thermal Properties
Antoni Sánchez-Ferrer,* Viktor Soprunyuk, Max Engelhardt, Ralf Stehle, H. Albert Gilg,
Wilfried Schranz, and Klaus Richter*

Cite This: ACS Appl. Polym. Mater. 2021, 3, 4070−4078 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A series of one-component aliphatic polyisocyanates has been
synthesized and analyzed before and after the moisture-curing process. The
resulting reactive polymers are monodisperse tetrafunctionalized reactive
molecules that become aliphatic polyurea networks with enhanced tunability of
mechanical, chemical, and thermal properties compared to polyurethane and
polyamide counterparts. This tunability responds to the insertion of a soft
polypropylene oxide polymer segment between two triisocyanate molecules, as
demonstrated by two-dimensional diffusion ordered spectroscopy (2D DOSY) 1H
NMR experiments and confirmed by Fourier transform infrared (FT-IR)
spectroscopy. After curing, the polyurea networks show two glass transition
temperatures: a characteristic of microphase-segregated block copolymers and a transient network due to the presence of the
hydrogen bonds between the urea motives, as concluded from the evaluation of dynamic mechanical analysis (DMA), wide-angle X-
ray scattering (WAXS), small-angle X-ray scattering (SAXS), and differential scanning calorimetry (DSC) experiments. Therefore,
controlling the volume fraction, i.e., the degree of polymerization of the polypropylene oxide soft domains, the cured materials
exhibit viscoplastic or viscoelastic properties, making these polyurea networks very attractive as adhesives or sealants.
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■ INTRODUCTION

Adhesives are used to bond a large range of materials, e.g.,
metals, glass, concrete, plastics, ceramics, and wood, with
widespread uses in construction,1 aerospace,2 automotive,3

packaging,4 painting and coatings,5 electrical engineering,6

electronics,7 microsystems technology,8 footwear,9 textile,10

furniture,11 foundry,12 dentistry,13 as well as in biomedical14

and pharmaceutical15 applications.
Reactive structural adhesives, which have to be wet and

spread on the surface of the adherends, fill up the gap between
the two surfaces and penetrate the structure of porous
materials, as well as have the inherent property of transforming
from a liquid to solid material by a chemical reaction.16 During
the curing reaction, the structural adhesive viscosity increases
because of the formation of long amorphous polymer chains
with a high glass transition temperature (thermoplastic
adhesives) or small mesh size polymer networks (thermoset-
ting adhesives) that bind to the surface of the adherends by a
number of phenomena causing molecular adhesion, fill the
voids between rough surfaces, and/or penetrate deep in the
adherend’s subsurface structure, producing mechanical inter-
locking.17,18

Reactive adhesives comprise reactive liquid monomers or
oligomers, e.g., acrylic, methacrylic, cyanoacrylic, epoxide, or
isocyanate adhesives, and solvent-based adhesives, e.g., amino-
plastics or phenolics, using water or organic solvents for

reducing the viscosity and reactivity.19 While acrylic and
methacrylic adhesives need an initiator and cannot establish
covalent bonds with the adherend, the rest of the mentioned
adhesives do so if nucleophilic groups, such as OH and NH2,
are present in the adherend.20

Isocyanate adhesives include a broad family of products that
might be one-component or two-component adhesives, and
they can be produced as solvent-free or solvent-based
adhesives.21 While the two-component adhesives are based
on the formation of carbamates or urethane groups by reacting
an isocyanate with a polyol, therefore, the polyurethane name
applies, the one-component adhesives react with moisture and
form urea linkages. Hence, the polyurea name describes the
resulting chemistry better. From here onward, we will refer to
the moisture-cure one-component isocyanate adhesives as
polyurea. The complete curing time, which ranges from 12 to
72 h, strongly depends on the chemistry and structure of the
reacting isocyanate, as well as the thickness of the adhesive
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layer and the ambient conditions during the curing process, i.e.,
relative humidity and temperature.22

Moisture-cure adhesives are referred to as the one-
component adhesives that react with water in the atmos-
phere.23 In the market, we can find cyanoacrylates and
isocyanates that react with catalytic amounts of water,
producing polymers by addition or chain-growth polymer-
ization, or with stoichiometric amounts of water, producing
polymers by condensation or step-growth polymerization.24

The most widely used one-component isocyanate adhesive is
PMDI (polymeric methylene diphenyl diisocyanate),25,26

which is a dark brown, viscous-liquid, aromatic chemical that
contains between 30 and 80% of the monomer MDI
(methylene diphenyl diisocyanate) together with oligomers
with a degree of polymerization from 3 to 5, resulting in
mixtures of an averaged functionalization of 2.7 isocyanate
groups per molecule.27 It has been used for more than 40 years
as a cold-setting structural adhesive for the production of
glued-laminated timber (glulam), and it exhibits superior water
resistance performance than formaldehyde-based adhesives.28

So far, there has been made no use of aliphatic isocyanates
for the production of one-component isocyanate adhesives nor
in the control of the molecular architecture of this kind of
reagents in order to tune the mechanical and thermal
properties of such adhesives. The advantages of using aliphatic
isocyanates are related to their lower toxicity and reactivity
compared to aromatic isocyanates,27 better durability,
resistance to hydrolysis and oxidation, and stability when
exposed to light, which make them an ideal candidate for the
development of high-performance engineered adhesives.
In this work, a series of new aliphatic tetraisocyanates is

studied for their use as moisture-cure adhesives or sealants,
leading toward the formation of 100% polyurea networks. Such
cured one-component isocyanates are block copolymers with
microphase-separated hard and soft domains that result in
materials with two glass transitions, a chemical (covalent
bonds) network and a physical (hydrogen bonds) network in a
single product. By controlling the volume fraction, the
chemical composition between the hard and soft domains is
tuned, and viscoplastic and viscoelastic materials are produced
with a wide range of mechanical, chemical, and thermal
properties on-demand, with uses as adhesives or sealants.

■ EXPERIMENTAL SECTION
Materials. The four linear hydrophobic diamino-terminated

polypropylene oxide Jeffamine D-230, J-D230, (Mn = 240 g/mol, ρ
= 948 Kg/m3, n = 2.5, PDI = 1.04), D-400, J-D400 (Mn = 460 g/mol,
ρ = 972 kg/m3, n = 6, PDI = 1.03), D-2000, J-D2000 (Mn = 2060 g/
mol, ρ = 991 kg/m3, n = 33, PDI = 1.02), D-4000, and J-D4000 (Mn =
4000 g/mol, ρ = 994 kg/m3, n = 68, PDI = 1.02) were from
Huntsman International LLC, and the triisocyanate Basonat HI-100,
BHI, (Mn = 504 g/mol, ρ = 1174 kg/m3) from BASF SE were used as
received.
Synthesis of Aliphatic Polyisocyanates. The four aliphatic

polyisocyanates (A-D230, A-D400, A-D2000, and A-D4000) are
formed by the rapid chemical reaction between a triisocyanate and a
diamine to build urea moieties with a ratio of 2:1 in acetone by
dropping slowly the diamino-terminated polypropylene oxide solution
to the triisocyanate BHI.
The typical procedure to obtain the reactive polymers with a solid

content of 13% in weight is given from the synthesis of the
tetraisocyanate A-D230. In two separate 30 mL flasks, the diamino-
terminated polypropylene oxide J-D230 (0.5742 g in 10.00 g of
acetone) and the triisocyanate BHI (2.4143 g in 10.00 g of acetone)
were dissolved. The content of diamine was added dropwise to the

triisocyanate solution and reacted for 30 min. The mixture was
maintained for 1 h at room temperature, and the solvent evaporated
under reduced pressure. The resulting viscous material was put in a
glass capsule, and the casted film was allowed to react at 20 °C and
65% RH for 72 h to ensure a good cross-linking process, resulting in
cured films of ca. 400 μm thickness.

Fourier Transform Infrared Spectroscopy. Fourier transform
infrared (FT-IR) spectra were collected using a Nicolet iS50 FT-IR
spectrometer, equipped with a diamond Pike GladiATR single
attenuated total reflection (ATR) system. Samples were scanned
over the range of 4000 to 600 cm−1, with a resolution of 2 cm−1 and
averaged over 64 scans.

Nuclear Magnetic Resonance Spectroscopy. Two-dimen-
sional diffusion ordered spectroscopy (2D DOSY) 1H NMR
experiments were carried out on a Bruker Avance AVHD400 nuclear
magnetic resonance (NMR) spectrometer operating at 400 MHz and
using CDCl3 as the solvent and as the internal standard. Samples were
prepared with a final solid content concentration of 5% in weight.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) experiments were carried out on a TA Q2000
DSC instrument, with an autosampler and with heating and cooling
rates of 10 K/min under the nitrogen atmosphere, using 20 μL
aluminum pans with holes. The first heating run was used to remove
all effects because of the thermal history of the elastomer, and only
second heating was used for the evaluation of the samples.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) experiments were performed using a Rigaku BioSAXS-1000
equipped with an HF007 microfocused beam (1.2 kW; 40 kV; 30
mA), with λCuKα = 0.15418 nm radiation collimated by specially
designed two-mirror focusing optics and a Kratky block to obtain
direct information on the scattering patterns. The SAXS intensity was
collected using a 2D Rigaku HyPix-3000 X-ray detector (77.5 cm ×
38.5 cm, 100 μm resolution). An effective scattering vector range of
0.08 /nm−1 < q < 6 nm−1 was obtained, where q is the scattering wave
vector.

Wide-Angle X-ray Scattering. Wide-angle X-ray scattering
(WAXS) experiments were performed using a Bruker D8 Advance
Eco (goniometer radius of 250 mm; 2° < 2θ < 40°, Δθ = 0.01°, 19.2
s/step) equipped with a copper tube (1 kW; 40 kV; 25 mA), with
λCuKα = 0.15418 nm radiation, collimated using an automatic
divergent slit (15 mm) and a primary soller (2.5°) to obtain direct
information on the scattering patterns. The WAXS intensity was
collected after a secondary soller (2.5°) using a one-dimensional (1D)
Lynxeye XE-T detector (3.296° opening). An effective scattering
vector range of 2 nm−1 < q < 25 nm−1 was obtained, where q is the
scattering wave vector.

Tension Stress−Strain. Tension stress−strain (TSS) measure-
ments were performed with a self-constructed custom-built single-
column tensile testing machine for polymer film testing at 20 °C and
the strain rate of 1.66·10−4 s−1. The samples were stretched using a
parallel clamping system mounted to a ballscrew-actuated linear axis
with a VEXTA SH-type microstep motor, controlled using a TB6600
microstep controller via a custom LabVIEW-based software. The
force and deformation were measured using an HBM S2 transducer
load cell (±100 N, accuracy class 0.02) and an HBM KW3073 high-
performance strain gauge indicator, respectively. For the acquisition of
measurement data, an HBM QuantumX MX410 was used.

Dynamic Mechanical Analysis. Dynamic mechanical analysis
(DMA) temperature- and frequency-sweep experiments were
performed to measure the temperature and frequency behaviors of
the samples using a Diamond DMA and DMA 8000, respectively. The
temperature sweeps were conducted at a heating temperature rate of 2
K/min in the temperature region from 160 to 375 K at frequencies of
0.1, 1, 10, and 70 Hz. The frequency sweeps were conducted at 20 °C
in the range from 0.1 to 40 Hz. The samples were fixed in a special
holder for the tension geometry, and all experiments were performed
under N2 atmosphere.
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of Aliphatic Poly-
isocyanates and Polyurea Networks. Four aliphatic
polyisocyanates were synthesized by attaching an aliphatic
triisocyanate molecule (A-BHI, the reference reactive polymer)
at each extreme of a monodisperse soft polymer segment (J-
D230, J-D400, J-D2000, and J-D4000) diamino-terminated
polypropylene oxide in acetone and at room temperature, and
forming the corresponding tetraisocyanate structure (A-D230,
A-D400, A-D2000, and A-D4000) containing two urea motifs
(Schemes 1 and S1). The resulting aliphatic polyisocyanates
were cured at 20 °C and 65% relative humidity for 72 h. In this
way, water molecules react with the isocyanate groups
delivering free amines after the emission of a carbon dioxide
molecule per reacted water molecule that react with the rest of
isocyanates, forming new urea linkages. The resulting aliphatic
polyurea networks or cured aliphatic polyisocyanates (P-D230,

P-D400, P-D2000, and P-D4000) contain soft and hard
segments (Scheme 1 and S1) that are microphase-segregated,29

and they are very attractive materials because they do not
require a catalyst and show enhanced chemical resistance and
mechanical properties compared to the polyurethane counter-
parts.30,31

The enthalpies for the hydrolysis of an amide, carbamate,
and urea linkage are ca. 75, 145, and 160 kJ/mol, respectively,
based on the enthalpies of formation. In addition, we can also
consider the extra energy factor from the removal of the
hydrogen bonds (from 15 to 25 kJ/mol, depending on the
distance and angle), which might be more than double (50 kJ/
mol or higher) for polyurea systems because of the bidentate
nature of the hydrogen bonding between urea motifs.
FT-IR experiments were performed to ensure the full curing

of the reactive polymers. The aliphatic polyisocyanates were
analyzed by FT-IR, showing the characteristic peaks from the
isocyanate groups at 1334−1372 cm−1 (NCO νs) and

Scheme 1. Chemical Structure of the Tetrafunctionalized Aliphatic Polyisocyanates (A-D230, A-D400, A-D2000, and A-
D4000) with an Aliphatic Triisocyanate (red) at Both Extremes of the Soft Polypropylene Oxide Backbone (blue) with the
Two Urea Motifs (Purple) Connecting Both the Soft and Hard Segments

Figure 1. FT-IR spectra for (a) the four aliphatic polyisocyanates (A-D230, A-D400, A-D2000, and A-D4000) and (b) the corresponding polyurea
networks (P-D230, P-D400, P-D2000, and P-D4000). Note: the reference reactive polymer (A-BHI) and the corresponding cured reference
polyurea network (P-BHI) are also shown in black.
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2262 cm−1 (NCO νas), the methylene groups at 764 cm−1

(CH2 ρ) and 1457 cm−1 (CH2 δ), the isocyanurate ring at
1680 cm−1 ([NCO]3), the ether groups at 915 cm

−1 (CH−O−
CH2 νs) and 1094 cm−1 (CH−O−CH2 νas), and the urea
groups at 1629 cm−1 (CO amide I), 1563 cm−1 (CO−N−H
amide II), and 3335 cm−1 (N−H ν, hydrogen-bonded), as
shown in Figure 1a.32,33 After curing the samples, the peak
corresponding to the free isocyanate reactive group at 2262
cm−1 completely disappeared, with an increase in the intensity
of the peaks corresponding to the formation of new urea
groups (1629 and 1563 cm−1) and hydrogen bonding (3335
cm−1), as indicated in Figure 1b. The results show the
complete reaction of the isocyanate groups after the curing
process with the corresponding polyurea network formation
(Figure S1).
DOSY 1H NMR experiments were carried out for the

evaluation of the diffusion coefficient and the radius of the
polymer in solutions for each reactive polymer, as well as for
the genitor diamino-terminated polypropylene oxide polymer
(Figure S2). This technique allows for the correlation of the
molar mass of these polymers, while other techniques, e.g., gel
permeation chromatography (GPC) or matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF), could not
be used because of the high reactivity of isocyanate groups.
Polyetheramines are single-component molecules, while all
reactive polymers have two main components as, indicated in
the left y-axis projection of intensities where two peaks are
observed. The second high molar-mass component, the dimer,
originates from the reaction of the low molar-mass component,
the targeted reactive polymer (Schemes 1 and S1), which
reacts with a residual water molecule in deuterated chloroform.
Therefore, carbamic acid is produced, which releases carbon
dioxide and delivers free amine. This in situ-generated amine

will react with an isocyanate group, forming a urea bridge
between two reactive polymers connecting two hard segments
and generating a hexaisocyanate. By comparing each reactive
polymer to its corresponding genitor polymer, a clear change
in the diffusion coefficient is evidenced from the lower position
of the NMR signals in the y-scale (Figure S2).
The diffusion coefficient was calculated by the regression

analysis from the change in the normalized signal intensity,
Inorm, of an NMR peak belonging to the molecule to be studied
as a function of the square of the strength of the gradient pulse,
G2, by fitting the data to a modified Stejskal−Tanner function
(Eq. S1 and Figure S3).34,35 Figure 2a shows the diffusion
coefficient, D, for the four aliphatic polyisocyanates, the four
diamino-terminated polypropylene oxide polymers and the
reference reactive polymer as a function of the molar mass, Mn.
The hydrodynamic radius, Rh, was calculated following the

Stokes−Einstein equation (eq S2), with a scaling factor, f (eq
S3 and Figure S4),36 and the radius of gyration, Rg, assuming
an average ratio of Rh/Rg = 0.769 in chloroform (Figure 2b).37

The diffusion coefficient and both radii follow a power-law
behavior, with an exponent of −0.65 and 0.69, respectively,
consistent with previous results,38 and they are summarized in
Table S1 together with the Stokes−Einstein scaling factor, f.
Therefore, this synthetic approach for obtaining well-defined
aliphatic polyisocyanates gives a high level of control over the
chemical structure of these reactive polymers. A calibration
curve can be constructed for the molar mass determination
when other techniques are not suitable because of the high
reactivity of the polymers that react with the matrix or the
solvent.

Thermal, Structural, and Mechanical Properties of
the Aliphatic Polyurea Networks. WAXS and SAXS
experiments were conducted in order to elucidate the

Figure 2. (a) Diffusion coefficient, D, (b) hydrodynamic radius, Rh, for the four aliphatic polyisocyanates (A-D230, A-D400, A-D2000, and A-
D4000), diamino-terminated polypropylene oxide polymers (J-D230, J-D400, J-D2000, and J-D4000), and the reference reactive polymer (A-BHI)
as a function of the molar mass, Mn.

Table 1. WAXS and SAXS Analyses Showing the Interchain Scattering Peak (qW1), the Isocyanurate Scattering Peak (qW2), and
the Microphase Separation Scattering Peak (qS1) with the Corresponding Distances (dW1, dW2, and dS1) and Correlation
Lengths (ξW1, ξW2, and ξS1) for the Four Aliphatic Polyurea Networks (P-D230, P-D400, P-D2000, and P-D4000) and the P-
BHI

sample qW1 (nm
−1) dW1 (nm) ξW1 (nm) qW2 (nm

−1) dW2 (Å) ξW2 (Å) qS1 (nm
−1) dS1 (nm) ξS1 (nm)

P-D230 14.4 4.4 13.4 7.83 0.80 2.00 2.93 2.14 1.29
P-D400 14.4 4.4 12.9 7.99 0.79 1.95 1.31 4.80 1.74
P-D2000 14.2 4.4 12.9 9.53 0.66 1.09 1.10 5.73 7.57
P-D4000 14.3 4.4 12.8 10.36 0.61 0.97 0.81 7.71 13.71
P-BHI 14.5 4.3 14.9 7.87 0.80 2.14 0.89 7.07 5.43
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amorphous nature of the cured polyisocyanates, as well as the
microphase separation between the hard and the soft domains.
WAXS analysis (Table 1 and Figure S5a) showed the
amorphous nature (glassy or rubber-like) of all cured aliphatic
polyisocyanates, as could be observed by the presence of a
main broad peak at qW1 = 14.4 nm−1 that corresponds to an
interchain distance between the polymers of both hard
(polymethylene) and soft domains (polypropylene oxide) of
dW1 = 4.4 Å. A secondary broad peak at qW2 = 8 to 10 nm−1

was also present corresponding to the distance between the
isocyanurate rings within the hard domains of dW2 = 8 to 6 Å.
The amorphous nature of all aliphatic polyurea networks was
confirmed by the average correlation length of ξW1 = 13 Å and
ξW2 = 1 to 2 nm related to 2 to 3 repeating units in both the
hard and soft domains.
SAXS analysis (Table 1 and Figure S5b) clearly indicates the

block copolymer nature with the microphase separation
between the domains of these cured materials by the presence
of a peak, qS1, at 2.9, 1.3, 1.1, and 0.8 nm−1 for the polyurea
networks P-D230, P-D400, P-D2000, and P-D4000, respec-
tively, which is attributed to the average distance between the
hard and soft domains.29,39 The resulting microphase
separation distance, dS1, has values of 2.1, 4.8, 5.7, and 7.7
nm when increasing the polypropylene oxide molar mass (240,
460, 2056, and 4000 g/mol) connecting two triisocyanates
molecules (Scheme 1). These results are in line with the
increased volume fraction of the soft domains, ϕPPO, (0.23,
0.36, 0.71, and 0.82) and the contour length, lc, from molecular
mechanic simulations (MM2), resulting in 3.3, 4.3. 13.9, and
26.4 nm, which indicates the random packing of the polymer
chains within the corresponding domains.
DSC experiments were conducted for the identification of

the amorphous nature of these materials, together with the
glass transition of both hard and soft domains and the presence
of hydrogen bonding related to the presence of a transient
network.33 The presence of the disubstituted urea motifs
allows for the formation of well-ordered hydrogen bonds that
lead to the formation of a transient network, which vanishes
upon heating the polyurea networks at temperatures above 60
to 90 °C.
The first heating run showed an endothermic peak

corresponding to the removal of hydrogen bonds between
the urea motifs connecting hard and soft domains. The values
of the maximum of these peaks do not follow any tendency and
range from 60 to 100 °C (Table 2 and Figure S6). Because of
the fast cooling and heating rates (10 K/min), there was no

presence of such hydrogen bonds in the second heating run.
Therefore, lower temperature rates or longer times are needed
for restoring all hydrogen bonds and regenerating this transient
network.33

All polyurea networks showed two glass transitions: one
corresponding to the hard domains with an almost constant
Tg,X-value from −4 to −10 °C and a second glass transition,
Tg,PPO, attributed to the soft domains, which decreases from 45
to −65 °C upon increasing the molar mass of the
polypropylene oxide polymer (Table 2 and Figure S6).
Therefore, these networks are amorphous in nature being
glasses or elastomers for the ones with a short (P-D230 and P-
D400) or long (P-D2000 and P-D4000) polyether chain,
respectively. Thus, the cured polyisocyanates are microphase-
separated networks40,41 determined by the presence of two
glass transitions and heat capacity values, which match the
theoretical values when taking into account the corresponding
volume fractions. Therefore, the analysis from the heat
capacities yields theoretical values for the hard and soft
domains of ΔCp,PPO = 0.137 J/mol/K and ΔCP,X = 0.537 J/
mol/K, respectively, when considering volume fraction values
equal to one (Figure S7).
DMA temperature-sweep experiments were conducted on

the four aliphatic polyurea networks (P-D230, P-D400, P-
D2000, and P-D4000) and the P-BHI at the frequency values
of 0.1, 1, 10, and 70 Hz (Figure 3 and Figure S8). For all the
polyurea networks, two α-relaxation processes, glass transitions
(Tg,PPO and Tg,X), one β-relaxation process (Tβ), and the
melting of the hydrogen bonds (THB) from the urea motifs
were detected (Figure 3a), and they are summarized in Tables
S2, S3, and S4. While the glass transition of the hard domains
(Tg,X) ranges from −35 to −5 °C at 1 Hz upon decreasing the
volume fraction of the isocyanate component, the glass
transition of the soft domains (Tg,PPO) was between 45 and
35 °C (P-D230 and P-D400) and between −50 and −60 °C
(P-D2000 and P-D4000) for the short and long polypropylene
oxide polymers, respectively, as shown in Figure 3a. The β-
relaxation process (Tβ) appears at very low temperatures,
between −75 and −100 °C,42,43 while the removal of hydrogen
bonds (THB) occurs between 50 and 90 °C, approxi-
mately.32−44

All relaxation processes (α- and β-relaxation processes)
showed a frequency dependence. Therefore, from the peak
maximum in the loss factor profile, tan δ, or in the loss
modulus profile, E”, at different frequencies, the activation
energy, Ea, for every process was determined (Table 3 and
Figure S9). The Arrhenius-like fitting of the data shows
activation energy values between 50 and 60 kJ/mol/K for the
segmental motions of all polymers, β-relaxation process; in
addition, between 90 and 160 kJ/mol/K and between 250 and
475 kJ/mol/K for the glass transition, α-relaxation process,
within the hard and soft domains, respectively.45−47

When plotting the activation energy as a function of the hard
domain volume fraction, ϕX (Figure S10a), or the segmental
molecular weight, Mc (Figure S10b), the activation energy of
the β-relaxation process is almost constant. Therefore, all
segmental motions are independent of the chemical
composition of the reactive polymer, but a different behavior
is observed for the two α-relaxation processes. There is a
critical volume fraction ϕX* ≈ 0.47 that corresponds to a
critical segmental molecular weight of Mc* ≈ 1000 g/mol or a
molar mass of the polypropylene oxide chain of Mn* ≈ 750 g/
mol.

Table 2. Glass Transition Temperatures for the Soft (Tg,PPO)
and Hard (Tg,X) Domains with the Corresponding Heat
Capacities (ΔCp,PPO and ΔCp,X) together with the Peak
Maximum for the Removal of Hydrogen Bonds (THB) of the
Four Aliphatic Polyurea Networks (P-D230, P-D400, P-
D2000, and P-D4000) and the P-BHI

sample
Tg,PPO
(°C)

ΔCp,PPO
(J/mol K)

Tg,X
(°C)

ΔCp,X
(J/mol K)

THB
(°C)

P-D230 43 0.244 -4 0.102 98
P-D400 33 0.339 −5 0.084 63
P-
D2000

−58 0.417 −8 0.037 71

P-
D4000

−66 0.482 −10 0.018 61

P-BHI −7 0.139 65
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Below this critical value, the two short polymers in P-D230
and P-D400 show a high activation energy value of 350-480
kJ/mol/K compared to the long polypropylene oxide chains in
P-D2000 and P-D4000 with an activation energy of ca. 260 kJ/
mol/K. This phenomenon could be explained because of the
high volume fraction of hard domains in P-D230 and P-D400,
which turns into a short distance between such hard domains,
restricting the mobility of the soft polymers within the soft
domains. Parallel to this observation, the polymethylene chains
within the hard domains are also affected above this critical
value. The short polypropylene oxide chains in the soft
domains disturb the hard domains, leading to a lower
activation energy of ca. 90 kJ/mol/K when compared to the
long soft chains of ca. 160 kJ/mol/K.
DMA frequency-sweep experiments were also conducted on

the four cured polyisocyanates at 20 °C from 0.1 to 40 Hz

(Figure 4b). While for the short polymers, a glassy-like
behavior is detected, and the long polymers are in the rubber-
like region, as indicated by a master curve obtained using the
time−temperature superposition method (Figure S11). For the
short aliphatic polyurea networks (P-D230 and P-D400), the
presence of the soft domains with reduced mobility greatly
affects the viscoplastic behavior48 of these materials when
compared to the reference cured sample P-BHI showing lower
elastic modulus values (69 and 45%) while increasing the loss
modulus (6 to 7 times), respectively (Table S5). Thus, upon
adding these soft segments, a damping component is
introduced in the sample while sacrificing a portion of the
elastic properties of the P-BHI and making the material less
brittle. For the viscoelastic long polypropylene oxide-
containing polyurea networks P-D2000 and P-D4000, the
elastic and the loss modulus decreased to 1.5 and 1.1%, as well

Figure 3. (a) DMA temperature-sweep experiments at f = 1 Hz and (b) DMA frequency-sweep experiments at T = 20 °C for the four aliphatic
polyurea networks (P-D230, P-D400, P-D2000, and P-D4000) and the P-BHI. The gray areas correspond to the temperature range where the glass
transition of the soft segments (Tg,PPO) was detected.

Table 3. Activation Energy of the Three Relaxation Processes (Ea,β, Ea,X, and Ea,PPO) for the Four Aliphatic Polyurea Networks
(P-D230, P-D400, P-D2000, and P-D4000) and the P-BHI Determined from the Peak Maximum in the Loss Factor Profile,
tan δ (Left), and in the Loss Modulus Profile, E” (Right), at Different Frequencies

tan δ E”

sample Ea,β (kJ/mol) Ea,X (kJ/mol) Ea,PPO (kJ/mol) Ea,β (kJ/mol) Ea,X (kJ/mol) Ea,PPO (kJ/mol)

P-D230 56 ± 5 91 ± 7 476 ± 1 54 ± 5 82 ± 13 450 ± 1
P-D400 51 ± 2 140 ± 9 348 ± 1 52 ± 2 72 ± 5 375 ± 1
P-D2000 57 ± 10 157 ± 1 263 ± 1 71 ± 4 138 ± 4 252 ± 1
P-D4000 62 ± 13 n.d. 262 ± 1 n.d. 110 ± 7 258 ± 1
P-BHI 61 ± 1 89 ± 1 60 ± 2 102 ± 1
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as 3.2 and 9.3%, respectively, when compared to the P-BHI
sample. In any case, the presence of these soft domains
resulted in loss factors 10 times higher than the pure, cured
isocyanate system P-BHI.
Comparing the results from the DSC, DMA, and TSS

experiments allows for the evaluation of the effect that the
segmental molecular weight and degree of polymerization has
on the network’s glass transition temperature and the
mechanical properties. More precisely, decreasing the polymer
length between the cross-linking points increases the glass
transition temperature, Tg,PPO (Figure 4), as observed when the
Fox−Flory empirical model is applied (eq S4).49−51 Therefore,
the results show that the short polymers increase the glass
transition temperature because of the low mobility of the
polymer segments between the cross-linking points.
When comparing the storage modulus from different

experiments at 20 °C, i.e., DMA temperature- and frequency-
sweep experiments and TSS experiments (Figure S12), in the
glassy state (P-D230 and P-D400) or in the transient network
(P-D2000 and P-D4000), comparable results were obtained
(Table 4). Even though no direct connection can be made
because of the different nature of the samples at this
temperature, glass or rubber, a power law tendency could be
observed, as shown in Figure 5. When analyzing the storage
modulus in the rubbery plateau at 80 °C, after the removal of
the hydrogen bonds between the urea motifs, a power law with
an exponent of −1 was obtained with an average density of ρ =
0.75 g/mol at 80 °C when considering a Poisson’s ratio of ν =
0.5. This value is in line with the density of all diamino-
terminated polypropylene oxide polymers (from 0.95 to 0.99
g/mol at 25 °C) and the aliphatic polyurea networks (from
1.03 to 1.12 g/mol at 25 °C), showing good agreement

between the mechanical experiments and the chemistry of
these reactive polymers.

■ CONCLUSIONS
A series of new aliphatic polyisocyanates has been synthesized
by reacting diamino-terminated polypropylene oxide polymers
to a trifunctionalized aliphatic isocyanate with the formation of
a highly stable urea motif connecting both components. The

Figure 4. (a) Linear−linear plot and (b) log−log plot for the variation of the glass transition temperature, Tg,PPO, of the soft segment as a function
of the segmental molecular weight, Mc, for the four aliphatic polyurea networks (P-D230, P-D400, P-D2000, and P-D4000). Tg, PPO

∞ is the
extrapolated glass transition temperature at infinitum segmental molecular weight from the Fox−Flory empirical model.

Table 4. Storage Modulus (E’) from DMA Temperature- and Frequency-Sweep Experiments at 20 °C and 0.1 Hz, from TSS
Experiments at 20 °C and 1.66·10−4 s−1 Strain Rate, and from DMA Temperature-Sweep Experiments at 80 °C and at 0.1 Hz
for the Four Aliphatic Polyurea Networks (P-D230, P-D400, P-D2000, and P-D4000) and the P-BHI, Together with the
Corresponding Segmental Molecular Weight, Mc

DMA T-sweep DMA f-sweep TSS DMA T-sweep

sample Mc (g/mol) E’293 (GPa) E’293 (GPa) E’293 (GPa) E’353 (GPa)

P-D230 492 0.579 0.574 0.112 0.00995
P-D400 712 0.360 0.316 0.0890 0.00900
P-D2000 2308 0.00650 0.0163 0.0148 0.00372
P-D4000 4252 0.00210 0.0107 0.00827 0.00137
P-BHI 226 2.860 1.166 0.846 1.703

Figure 5. Storage modulus, E’, as a function of the segmental
molecular weight, Mc, for the four aliphatic polyurea networks (P-
D230, P-D400, P-D2000, and P-D4000) and the P-BHI evaluated
from the DMA temperature-sweep experiments (black: at 20 °C and
0.1 Hz), the DMA frequency-sweep experiments (red: at 20 °C and
0.1 Hz), and the TSS experiments (blue: at 20 °C and 1.66·10−4 s−1)
in the transient network and from the DMA temperature-sweep
experiments (green: at 80 °C and 0.1 Hz) in the rubbery plateau.
Note: the black, red, and blue lines are the guide to the eye, while the
green line is the fit to the data in the rubbery plateau.
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resulting reactive polymers have a well-defined structure with a
monodisperse and higher degree of functionalization (n = 4)
and are less toxic than the commercially available aromatic
polydisperse polyisocyanates, e.g., PMDI, which normally are
of lower functionality (ca. n = 2.7). Having control on the
chemistry and functionalization, as well as on the chemical
structure of the reactive polymer, allows for obtaining clear-cut
polyurea networks when the polyisocyanates are cured at 20
°C and 65% RH, the water molecules being responsible for the
curing process.
The resulting aliphatic polyurea networks are amorphous

block copolymers in nature as shown by DMA, WAXS, SAXS,
and DSC experiments, and because of the microphase
separation of both the hard and soft domains, two glass
transition temperatures are present. The glass transition
temperature of the soft domains, which can be allocated
above (at room temperature) or below (at subzero temper-
ature) the glass transition temperature of the hard domains for
the short and long polymer chains, respectively, is strongly
affected by the degree of polymerization of the polypropylene
oxide polymer. This results in materials with viscoplastic or
viscoelastic properties by tuning the length of the soft polymer
segment.
Moreover, these cured polyisocyanates show the presence of

a transient network because of the formation of hydrogen
bonds between the urea motifs when the isocyanate groups
react first with moisture and afterward with the in situ-
generated amines. Therefore, these materials show higher
mechanical, thermal, and chemical performance than their
polyurethane and polyamide counterparts.
Controlling the functionalization and the degree of polymer-

ization of the soft segment results in obtaining reactive
polymers that after moisture-curing have on-demand proper-
ties such as elastic modulus, viscoplastic or viscoelastic
properties, high softening temperatures, and chemical resist-
ance. In this way, new polyisocyanates can be produced with a
wide range of high-performance applications in the wood and
construction industry, as well as for electronics, textiles, and
medical devices.
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