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Polyurea and polyurethane containing urea bonds are widely used in the preparation of coatings, foams,
and micro- and nanocapsules. The molecular structures of such materials are typically difficult to charac-
terize quantitatively due to their poor solubility and because mixtures with strong acids tend to hydrolyze
the polymers. In a mixture of trifluoroacetic acid (TFA) and acetone, a very strong hydrogen bonding
occurs between the carbonyl oxygen of acetone and the proton of TFA, which leads to its deshielding.

This peculiar mixture of solvent was used for the quantitative characterization of polyurethane/urea coat-
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ings, microcapsules, and nanocapsules by NMR spectroscopy. By using aromatic and aliphatic diisocya-
nates, diamines, and diols, the extent of urea groups, and hence hydrolyzed isocyanates, in the polymer
can be determined. This method is shining light on materials that were not yet quantitatively characterized

Published on 27 1400. Downloaded on 25/12/1404 05:48:12 ..

rsc.li/polymers

Introduction

Polyurethanes and polyureas are polymers which are typically
prepared by the reaction between isocyanates and molecules
containing hydroxyl or amine groups." While polyurethanes
are ubiquitous in our daily life,”> polyureas have more limited
applications due to their difficult processibility. Polyureas were
used to prepare coatings for antifouling,® antibacterial* and
anti-icing applications.” Moreover, due to the hydrophobic
nature of isocyanates and the hydrophilicity of many diols and
diamines, interfacial polyaddition in emulsion were performed
to fabricate nanocapsules or nanoparticles for the encapsula-
tion of catalysts,®® fragrances,’® phase change materials,"
pesticides,"” dyes,"* corrosion inhibitors,'* contrast agents for
magnetic resonance imaging,'>'® self-healing agents,"”>° and
drugs.*!

The presence of urea bonds in polyurethanes can be ben-
eficial for the fabrication of intrinsic self-healing materials
which can be remended due to the presence of strong hydro-
gen bonds.**”>* Moreover, the addition of controlled and low
amounts of water to isocyanates was found to generate aero-
gels with high porosity.”> However, the concurrent reaction
between water and isocyanates in the synthesis of poly-
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such as polyurea nanocapsules prepared by interfacial polymerization in miniemulsion.

urethanes and polyureas is often not controlled, leading to the
hydrolysis of isocyanates to carbamic acids. The latter are
unstable and yields CO, and an amine, which can react with
isocyanates to form unwanted urea groups in the structure of
the main polymer. This fact has lead various research groups
to use anhydrous oil-in-oil emulsions for the fabrication of
polyurethane particles without urea bonds.***” Indeed, poly-
mers containing many urea groups tend to become intractable
and are difficult to process. This is due to the formation of
abundant and strong intermolecular hydrogen bonding,*®
which can form readily ordered structures at room tempera-
ture.”® For example, the presence of urea segments in poly-
urethane foams can lead to phase separation and the creation
of fibril structures.*”

Urea groups are typically detected by Fourier-transform
infrared spectroscopy (FTIR) because the vibration of the car-
bonyl bond in urea is significantly different from the vibration
of the carbonyl in urethane groups.*’° Nuclear magnetic
resonance (NMR) spectroscopy can be performed but usually
lead to weak signals due to the limited solubility of polyureas
in conventional deuterated solvents such as DMSO-dg,***! or
require a high-resolution magic angle spinning (HR-MAS)
setup and a large quantity of material to be measured.>®**

Herein, we aim to determine quantitatively the extent of for-
mation of urea groups in polyurea and polyurethane, with a
focus on the groups formed after hydrolysis of isocyanates.
Recently, the mixture acetone/TFA was used for dissolving
polyamides for the preparation of transparent and hom-
ogenous films.** Inspired by this finding, we dissolved polyur-
eas and polyurethanes in this mixture and studied their struc-
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ture by "H NMR spectroscopy. This investigation is particularly
relevant for nanoparticles and nanocapsules prepared by inter-
facial polymerization and for coatings.

Experimental section
Materials

Polyglycerol polyricinoleate (PGPR, Danisco) was purified by
washing with hexane before use. 1,6-Hexanediamine (HMDA,
99.5%, Acros Organics), 1,6-hexanediol (HDO, >97%, TCI
chemicals), 1,3-bis(aminoethyl)-cyclohexane (BAC, >98%, TCI
chemicals), m-xylylenediamine (XDA, >99%, TCI chemicals),
2,4-toluene diisocyanate (TDI, 80%, Acros Organics), hexa-
methylene diisocyanate (HMDI, >98%, Sigma-Aldrich), cyclo-
hexane (>99.8%, Carlo Erba), sodium chloride (NaCl, 99%,
Carlo Erba), calcium chloride dried granular (CaCl,, 90%,
Carlo Erba), acetone (99.8%, Carlo Erba), hexane (99.97%,
Honeywell), resorcinol (>99%, TCI), sodium dodecyl sulfate
(SDS, 99%, Acros), tetrahydrofuran (THF, 99.99%, Honeywell),
xylene (mixture of isomers, 98.5%, RCI Labscan), isophorone
diisocyanate (IPDI, 98%, Acros Organics)dimethyl sulfoxide
(DMSO, 99%, Loba Chemie), trifluoroacetic acid (TFA, 99%,
Acros Organics), and acetone-dg (99.8%, Eurisotop) were used
as received. Deionized water was used throughout this work.

Preparation of polyurea/polyurethane nanocapsules

HMDA or BAC or HDO (0.1 g) and 30 mg NacCl or CaCl, were
mixed in 1.3 g of water or DMSO. These solutions were mixed
at 1000 rpm for 1 h at 27 °C with a solution of 75 mg of PGPR
in 7.5 g cyclohexane. Afterwards, the obtained emulsion was
further emulsified with an ultrasonicator (Hielscher UP200St,
diameter 7 mm) for 6 min in a pulse mode (1 s on, 1 s off) at
50% amplitude in an ice bath. Then, known amounts of TDI
and 35 mg PGPR in 5 g cyclohexane were slowly dropped in
the miniemulsion for 5 min, which were stirred at 500 rpm at
27 °C for polyurea or 60 °C for polyurethane nanocapsules.
The reactions were further stirred for 2 h to complete the reac-
tion. The dispersions (2 g) were then added into 20 g water
and the mixture was centrifuged (2-16KL model from Sigma) at
2655 g and 25 °C for 5 min. Phase separation occurred to
facilitate the purification of the polymers. The pellets were re-
dispersed in 2 mL cyclohexane. The process was repeated
2 more times by changing the precipitation solvent to acetone
and then hexane. Finally, the pellets were dried in a vacuum
desiccator.

For the determination of the completion of reaction, disper-
sions of polyurea and polyurethane nanocapsules (2 g) (P2,
P5-7) were added to 20 g hexane. The dispersions were then
centrifuged (2-16KL model from Sigma) at 2655 g and 25 °C
for 5 min. The supernatants were collected and filtered
through a filter paper and the filtrate were evaporated with a
rotary evaporator at 40 °C. Around 10 mg of the resulting
product was dissolved in 700 pL DMSO-de containing 2 mg of
ethylene carbonate as internal standard.
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Preparation of polyurea microcapsules

Polyurea microcapsules were synthesized following a slightly
modified procedure.’® A 1.0 wt% aqueous solution (50 mL) of
SDS was added into a 100 mL beaker. Then, IPDI (1.63 g) was
dissolved into 10 mL of xylene and added to the beaker. The
mixture was homogenized with a high-speed disperser
(Ultraturrax T18) at 5000 rpm at 28 °C for 5 min to obtain a
stable emulsion. Then, XDA (1 g) in 10 mL of a 1.0 wt%
aqueous solution of SDS was added dropwise to the emulsion
for 5 min, stirred at 300 rpm for 30 min at 28 °C, and further
stirred 1.5 h at 50 °C. The obtained suspension (2 g) was
added in 20 g water and then centrifuged (2-16KL, Sigma) at
2655 g at 25 °C for 5 min. The pellets were re-dispersed in
2 mL cyclohexane. The process was repeated 2 more times by
changing the precipitation solvent to acetone and then
hexane. Finally, the pellets were dried in a vacuum desiccator.

Preparation of the polyurethane coating

Resorcinol (500 mg) was dissolved in a mixture of 400 uL, THF
and 4 pL water. HMDI (750.5 mg) was added in the aforemen-
tioned solution and stirred at 500 rpm for 5 min. Then, the
mixture was drop-cast on a glass slide and cured 24 h at 28 °C,
followed by 24 h at 60 °C. A transparent coating with a thick-
ness of 170 pm was obtained. The coating was peeled off and
dissolved in 1 mL DMSO. The solution was precipitated in
10 mL methanol and then centrifuged (2-16KL, Sigma) at
2655 g for 10 min at 25 °C. The pellet was dissolved and repre-
cipitated two more times and dried in a vacuum oven at 60 °C
24 h.

Analytical tools

'"H NMR spectra of polyurea/polyurethane nanocapsules were
recorded on a Bruker 600 MHz NMR spectrometer. Dried poly-
urea/polyurethane (4-6 mg) of nanocapsules were dissolved in
a mixture of 300 pL acetone-ds (40% mol) and 460 pL TFA
(60% mol) for NMR experiments, which were acquired with a
5 mm double resonance broad band probe equipped with a
z-gradient on a 600 MHz console (Bruker AVANCE III HD
System). For the calculation of the molar ratios of monomer
units in the polymers, the integral associated with the signals
given by the 4 protons of the 2 methylene groups neighbouring
the urea or urethane groups was compared with the aromatic
protons. Attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) measurements were performed on a Frontier
FTIR spectrometer (PerkinElmer) between 400 to 4000 cm ™
with a resolution of 4 cm™". Dispersions of polyurea or poly-
urethane nanocapsules (50 pL) were diluted with 3 mL cyclo-
hexane for measuring the hydrodynamic diameter by dynamic
light scattering (DLS, NanoPlus, Particulate systems). The mor-
phologies of nanocapsules were observed with a transmission
electron microscope (TEM, JEM-ARM200F, JEOL). Dispersions
of polyurea microcapsules (5 pL) were diluted with 5 mL cyclo-
hexane and dropped on silicon wafers and left for drying. The
morphology of polyurea microcapsules were observed with a
scanning electron microscope (SEM, JSM-7610F, JEOL).

This journal is © The Royal Society of Chemistry 2021
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Results and discussion

Polyureas, because of the high density of hydrogen bonding
inside their structures, are difficult to dissolve. Even the pres-
ence of alkali halide salts such as LiCl, LiBr,, or CaCl, in
organic solvents, typically used for dissolving polyamides, are
often not sufficient to dissolve them. Solvents such sulfuric
acid or formic acid at high temperatures are required for proto-
nating the carbonyl bond and breaking hydrogen bonding
between polymer molecules, which limit their characterization
in the liquid state. Recently, the mixture of trifluoroacetic acid
(TFA) and acetone was used to dissolve polyamide 66 ****> and
polyamide 11 at room temperature to prepare composites and
ferroelectric coatings.”® The TFA/acetone mixture allowed the
formation of smooth homogeneous films with polyamide 11
crystallizing in the &' phase. "H NMR spectroscopy investi-
gations have shown that the acidic proton of TFA was shared
with acetone.”® Whereas no intermolecular hydrogen bonding
was detected in pure TFA or pure acetone, strong hydrogen
bonding occurred between the oxygen of acetone and the
proton in TFA, which is one the hydrogen bond with the
largest enthalpy (—10 kcal mol ™).

We investigated herein the structure of polyurea and poly-
urethane containing urea groups by "H NMR spectroscopy in a
TFA/acetone-ds mixture. First of all, we prepared polyurea and
polyurethane nanocapsules by interfacial polymerization in
inverse miniemulsions. The process involves the reaction
between diamines or diols that are dissolved in water or a
polar solvent and subsequently emulsified in an apolar solvent
(here cyclohexane).'#**™*® After addition of diisocyanates
through the continuous phase of the miniemulsions, nanocap-
sules are formed (see Fig. 1). Water and DMSO were used as
dispersed phase for the dissolution of diols and diamines so
that polyurethanes, polyureas, and polyurethane/ureas
materials were obtained (Table 1). After the interfacial
polymerization, colloids with a hydrodynamic diameter of
150-500 nm were obtained. The morphology of the colloids
varied from nanocapsules (P1-4, 6) to nanoparticles (P5), and
multi-hollow nanoparticles (P7), as observed by transmission
electron microscopy (see Fig. 1). Derivatives of this procedure
have been widely used and reported by several groups in the
literature.**> We collected polyurea/polyurethane nanocap-

Table 1 Solvents in the dispersed phase, molar ratio between monomers
urethane nanocapsules prepared in inverse miniemulsion
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Fig.1 Scheme for the preparation of polyurea nanocapsules with
either DMSO or water as core and transmission electron micrographs of
polyurea (P1-5) and polyurethane (P6-7) nanocapsules and
nanoparticles.

sules prepared in water-in-oil or DMSO-in-oil miniemulsions
just after (start of the reaction) and 2 h (end of the reaction)
after ultrasonication. Whereas signals for the isocyanate
groups at 2265 cm™ ' were observed by Fourier transform infra-
red (FTIR) spectroscopy directly after ultrasonication, no
signals were observed after 2 h of the reaction (Fig. S1, ESIt).
Furthermore, the dispersion of nanocapsules after 2 h reaction
was added to hexane, centrifuged, and the supernatant was
concentrated by evaporation of hexane. The remaining liquid
was dissolved in a solution of ethylene carbonate (internal
standard) in DMSO-ds. As shown in Fig. S2, ESI,¥ no signals
that could be assigned to TDI were found, confirming that the
isocyanates were not present in significant amounts after
reaction.

The qualitative analysis of the chemical structure of these
compounds was usually reported by measuring them by

and monomer units, and hydrodynamic diameter of polyurea and poly-

M : TDI ratio Dy,

Entry Dispersed phase Polymer Polar monomer Feed Polymer nm PDI

P1 Water Polyurea HMDA 1:0.9 1:1.3 243 0.300
P2 Water Polyurea HMDA 1:1 1:1.3 276 0.194
P3 Water Polyurea HMDA 1:1.1 1:1.5 245 0.307
P4 Water Polyurea 1,3-BAC 1:1 1:1.9 173 0.187
P5 DMSO Polyurea HMDA 1:1 1:1.2 319 0.264
pP5’ Anh. DMSO Polyurea HMDA 1:1 1:1.1 301 0.216
P6 Water Polyurethane/urea HDO 1:1 1:2.8 490 0.308
p7 DMSO Polyurethane HDO 1:1 1:2.1 386 0.084

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) FT-IR spectra of the polyurea (P2-3) and polyurethane/urea (P6—7) nanocapsules. (b) Scheme for the reactions between the diamines

monomers and from hydrolyzed diisocyanates, water, and diols with the toluene-2,4-diisocyanate (TDI) (c) Mechanism of the hydrolysis of isocya-

nate and decarboxylation of the carbamic acid in the presence of water.

Fourier transform infrared spectroscopy.'®*® As expected,
vibrations from carbonyl groups of urea at 1634 cm™" and for
-NH bending at 1548 cm™" were observed for polyurea nano-
capsules (P1-5), as shown in Fig. 2a and Fig. S3, ESL} For the
polyurethane specimen (P6-7), vibrations associated to the car-
bonyl groups of urethane groups at 1710 cm™", 1600 cm™" for
the -NH bending, ~1510 cm™" for amide II band®’ and
1066 cm™' for C-O bonds detected (Fig. 2a).
Furthermore, a small signal for the polyurethane P6 at
1634 cm™' indicated the presence of urea groups.

were

The urea groups produced during the reactions in the pres-
ence of isocyanates, amines, and water (P1-4) originated from
the reaction between diisocyanates and diamines (i and ii in
Fig. 2b) or from the reaction between diisocyanates and hydro-
lyzed diisocyanates. Indeed, isocyanates react with water to
form unstable carbamic acid compounds, which are sub-
sequently decomposed in amines and carbon dioxide (iii)
(Fig. 2c). The rate of the reaction between isocyanates with
water is typically around ~1072 less than for the reaction
between isocyanates and primary amines,”® meaning that dia-
mines are primarily consumed, even in the presence of water.
The hydrolyzed diisocyanate can react with non-hydrolyzed dii-
socyanates to yield new urea segments in the polymer (v).
Finally, diisocayanates react with diols (iv), with a kinetic con-
stant in the absence of catalyst typically estimated as similar as
for the reaction between water and isocyanates.’®

In order to assess the proportion of urea groups in the syn-
thesized nanocapsules, "H-NMR spectroscopy of polyurea and
polyurethane nanocapsules after purification and dissolved in
TFA-acetone-ds was performed. Solutions of polyurea and
polyurethane in acetone-d¢/TFA (40:60 mol%) were transpar-
ent until a concentration of ~42 and 13 mg ml™", respectively
(Fig. S4, ESIT). Then, we verified that the mixture TFA-acetone-
de was not degrading the polymers during at least the time of
measurements by using Diffusion Ordered Spectroscopy
(DOSY) technique. DOSY is a 2D NMR spectroscopy technique
displaying chemical shifts and self-diffusion coefficients of

3896 | Polym. Chem., 2021, 12, 3893-3899

dissolved molecules. The loss of magnetization/resonance
intensity of molecules during with time yields information
about their diffusion coefficient. The diffusion coefficient D is
related to molecular weight M by the following equation:*°
D = AM® where A and a are constants specific to the polymer.
High polydispersity in molecular weight hence leads to widen-
ing of the values of diffusion coefficient. As examples, poly
(ethylene oxide) with molecular weights of 85000 g mol™" and
90 000 g mol ™" displayed coefficients of diffusion measured by
"H DOSY NMR spectroscopy in D,O of 2.4 x 107" m® s™" and
2.2 x 107" m? s7', respectively.®® Besides, coefficients of
diffusion of 6.5 x 107" m* s™' and 5.4 x 107" m* s™" were
measured for poly(ethylene terephthalate) with weight-average
molecular weights of 18000 ¢ mol™ and 25000 g mol™.*'
"H DOSY NMR was employed for monitoring the hydrolysis
and degradation of nylon 11.*> "H-NMR DOSY spectra of poly-
urethane and polyurea from dissolved nanocapsules showed
that the coefficient of diffusion of the polymer was constant
(Fig. S5, ESIT), hereby indicating that no significant decompo-
sition occurred. In the "H-NMR spectra, the signal from the
proton of TFA was indeed detected at around 12.5 ppm in
every 'H NMR spectra (Fig. S6, ESIf). The signal appears at
very high chemical shift (downfield) because of the strong elec-
tron withdrawing group in TFA, which decreases the electron
density around the proton nucleus. The integral of the signal
associated to the methylene proton near the nitrogen of the
urea group at 3.1 ppm or near the oxygen of the urethane
group at 4.0 ppm was compared with the integral of the signal
associated to the protons of the aromatic rings (7.0-7.2 ppm).
Because the latter solely originated from the TDI, this method
allows to estimate the amount of TDI that was hydrolyzed and
reacted with itself after hydrolysis.

For the preparation of polyurea nanocapsules from hexa-
methylene diamine (HMDA) and toluene-2,4-diisocyante (TDI),
the feed molar ratio HMDA : TDI was varied to 1:0.9, 1:1,
1:1.1 (entries P1-3 in Table 1). Integration of the "H-NMR
spectra (Fig. S7, ESIf) showed that the ratio between HMDA

This journal is © The Royal Society of Chemistry 2021
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and TDI monomer units in the polyurea were 1:1.3, 1:1.3,
1:1.5, respectively. This increase of TDI units in the polymer
compared to the feed ratio indicates that TDI was partially
hydrolyzed and reacted with non-hydrolyzed, participating in
the formation of polyurea nanocapsules. Replacing HMDA
with 1,3-bis(aminoethyl)cyclohexane (BAC) led to nanocap-
sules with more TDI units inside the polymer (Table 1, Fig. S7,
ESIT), implying that HMDA displayed a higher reactivity than
BAC.?

Published literature mention the replacement of water by
aprotic polar solvents such as DMSO for water-sensitive reac-
tions or when the encapsulated payload is not water-
soluble.”®®>%® As expected, the polymerization with DMSO
(P5) (Fig. 3a) as dispersed phase instead of water (P2) yielded a
polyurea with less aromatic units. Using anhydrous DMSO
(P5") further decreased the content of TDI monomer units in
the polyurea shell, yielding a HMDA : TDI composition in the
polymer close to the feed molar ratio. The very small discre-
pancy was attributed to the fact that moisture can be absorbed
by DMSO during the ultrasonication of the samples. The
polymerization between diols and diisocyanates is slower than
the polymerization between diamines and diisocyanates,
especially in the absence of catalyst. It is then inferred that the
extent of side-reactions, such as hydrolysis of isocyanates, in
the former reaction increases. Indeed, larger amounts of TDI
was incorporated in the polyurethane/urea (P6 and P7) than
their comparable polyurea counterparts (P2 and P5), both with
water (P2 and P6) or DMSO as dispersed phase (P5 and P7). In
the light of this study, we can conclude that polyurethane and
polyurea nanocapsules prepared with a similar procedure
contain substantial amounts of TDI units in their structure,

Fig. 3 (a) "H-NMR spectra of polyurea/urethane nanocapsules (entries
P3, 5 and 6) in acetone-dg: TFA (40 : 60). (b) SEM micrograph of polyurea
microcapsules prepared by interfacial polymerization in an oil-in-water
emulsion. (c) Photograph of a polyurethane coating prepared by the
reaction between resorcinol and HMDI.

This journal is © The Royal Society of Chemistry 2021
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with amounts superior to their feed ratios. For biomedical
applications, the presence of TDI units in the polymer is not
suitable as its degradation products can be toxic. The concept
of the study was then generalized to other systems such as
microcapsules and coatings. Instead of preparing nanocap-
sules in water-in-oil miniemulsions, we prepared polyurea
microcapsules in an oil-in-water process by suspension
polymerization. Polyurea was produced by the reaction
between equimolar amounts of IPDI and XDA. In principle,
similar reactions are possible also in oil-in-water
miniemulsions.®*®® Microcapsules with an average diameter
of 12 + 2 pm were obtained (see Fig. 3b). In this system, the
diamine was aromatic while the isocyanate was aliphatic. A
ratio of IPDI:XDA units in the polyurea microcapsules of
1.6:1 was detected by 'H NMR spectroscopy (Fig. S8a, ESIT).
The larger amounts of aliphatic moieties compared with the
feed ratio was attributed to the hydrolysis of IPDI, yielding a
product that reacted with non-hydrolyzed IPDI concurrently to
its reaction with XDA. The relative content of water in this
experiment was much larger than for the nanocapsules
because water was used as continuous phase. Besides, a poly-
urethane coating was prepared from the reaction between
resorcinol and HMDI on a glass substrate, followed by thermal
curing (Fig. 3c). The reaction took place in the presence of a
small amount of water to simulate situations of high humidity
or long storage in imperfectly sealed container. However, the
content of water being however too low to allow foaming. The
ratio between aliphatic (from the diisocyanate) and aromatic
units (from the diol) was 1.1:1, hence suggesting that HMDI
reacted partially with water (Fig. S8b, ESI?).

Conclusions

Polyurethane/urea nanocapsules and coatings were character-
ized by nuclear magnetic resonance spectroscopy in a mixture
of deuterated acetone and trifluoroacetic acid. The extent of
monomeric units in the polymers was determined by compar-
ing and quantifying aliphatic and aromatic protons. In water-in-
oil miniemulsions, the hydrolysis of isocyanates and its sub-
sequent reaction with non-hydrolyzed isocyanates was found to
be very significant and led to the incorporation of large extent of
urea units in the polymers. The concept was further extended to
the analysis of microcapsules prepared in oil-in-water emulsions
and to coatings. These findings show that assumption of com-
position based on starting monomers is not suitable and that
the polymeric materials should be accurately characterized. This
work has hence important implications for the design of formu-
lations of polyurea and polyurethanes.
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