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Polyurea and its derivatives exhibit excellent physical and chemical properties originating from
intermolecular hydrogen bonding. Consequently, they have been used as coating materials that are
resistant to heat, water, and chemicals, and in recent years, as materials for 3D printers. Their properties
depend on their formation and hydrogen bonding mechanisms; however, these processes are very fast,
making them challenging to study experimentally. In this study, polyurea formation via the polyaddition
reaction of a diamine and diisocyanate was investigated in situ by fast time-resolved Fourier-transform
infrared-attenuated total reflectance (FTIR-ATR) spectroscopy. This method enabled the analysis of the
polyaddition reaction within 1 s and observation of intermolecular hydrogen bond formation. We
observed the polyurea formation of different aliphatic and alicyclic monomers by recording the FTIR-
ATR spectra every ~0.07 s and analyzed the reaction kinetics. In the case of aliphatic monomers, strong
hydrogen bonds were formed in the initial stage of polyurea formation, whereas in the case of alicyclic
monomers, weak hydrogen bonds were initially formed, which strengthened as the reaction proceeded.
These findings elucidate the role of monomer structure in the formation and hydrogen bonding state of
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polyurea and demonstrate the effectiveness of time-resolved FTIR-ATR spectroscopy as a technique for
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Introduction

Polyurea, the general term used to describe polymeric materials
containing urea groups, is formed by the polyaddition reaction
of diamine and diisocyanate monomers. It exhibits excellent
heat resistance, durability, and chemical resistance owing to
strong intermolecular hydrogen bonding."™ The mechanical
properties of polyurea produced by reactions between various
diisocyanates and diamines have been investigated
extensively.>> > In addition, polyurea exhibits a large electric
dipole (4.9 D) derived from the urea group and a high dielectric
constant, making it suitable for use in electronic devices and
film capacitors.”®™° It is also widely used as a durable coating
material owing to significant advantages, such as fast solvent-
free reactions and the ability to tailor its structure and proper-
ties by using different monomers."¢°
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observing very fast reactions and intermolecular interactions.

In recent years, polyurea has been investigated as a material
for 3D printing.>"** 3D printing techniques include fused deposi-
tion modeling, light-based resin curing, and curing through the
mixing of two or more reactive inks. Polyurea used for 3D printing
is formed by mixing and curing diamine and diisocyanate compo-
nents, making it important to control the polyaddition reaction. To
achieve this, observation and analysis of the reaction process are
necessary. However, because the polyaddition of a diamine mono-
mer to a diisocyanate monomer is a rapid reaction, few studies
have examined the kinetics of polyurea formation in detail. Despite
its difficulty, analysis of reaction kinetics is useful in the develop-
ment of 3D printer materials that require rapid curing. Previously,
polyurea formation was analyzed by modifying the monomer
structure to slow the reaction. Under conditions of reduced
polyurea reactivity, Song and Liu monitored polyurea formation
by Fourier-transform infrared (FTIR) spectroscopy on the scale of
tens of seconds and analyzed the reaction kinetics.>* Other poly-
urethane or poly(urea-urethane) formation reactions have also
been examined by FTIR spectroscopy augmented with attenuated
total reflectance (ATR) over several tens of minutes,>**> demon-
strating the usefulness of this method for reaction analysis.
However, few reactions have been observed on the seconds
timescale.

On the other hand, the formation of intermolecular hydro-
gen bonds in polyurea is crucial to its excellent mechanical and
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chemical properties and has therefore attracted significant
attention. Numerous studies have ascribed the hydrogen bond-
ing state of polyurea to its formation conditions, molecular
structure, and temperature changes.>?426731

In this study, we aimed to observe ultrafast polyurea formation
in situ by rapid-scan time-resolved FTIR spectroscopy.’*** To
obtain a fundamental understanding of this ultrafast reaction,
diamine and diisocyanate monomers with simple, basic aliphatic
or alicyclic structures were employed. The ultrafast formation of
polyurea was captured in real time, preserving its intrinsic reac-
tion rate. FTIR-ATR spectra obtained over a short observation time
of approximately 1 s were used to analyze the reaction kinetics.
To clarify the polyurea formation process and the associated
intermolecular hydrogen bonding, we conducted a detailed ana-
lysis of spectral changes, focusing on the shift in the absorption
peak of the urea group. Reaction analysis of the extremely rapid
polyurea formation reaction revealed that the hydrogen bond
formation process during polymerization varies depending on
the monomer structure.

Results and discussion

Polyaddition reaction of hexamethylene diamine (HDA) and
hexamethylene diisocyanate (HDI)

Fig. 1a-d shows the chemical structures of the aliphatic dia-
mine HDA, aliphatic diisocyanate HDI, alicyclic diamine
H6XDA, and alicyclic diisocyanate H6XDI, respectively. The
experimental setup is shown in Fig. 2. FTIR-ATR spectra were
acquired at an interval of approximately 70 ms.

Fig. 3 shows the ATR spectra of a 1.0 M HDI/dimethyl
sulfoxide (DMSO) solution, 1.0 M HDA/DMSO solution, reaction
products mixed with HDA/DMSO and HDI/DMSO, and DMSO.
The absorption spectrum of HDI/DMSO exhibited the absorption
peaks of DMSO and a strong peak assigned to the antisymmetric
N=C=0O0 stretching vibration [{N=—C=O0)] of the diisocyanate
monomer at 2260 cm™~ '.>*** On the other hand, peaks related to
the N-H stretching vibration [1(N-H)] at 3325 cm ™', C—0
stretching vibration [1{C=O0)] at 1616 cm ', and N-H bending
vibration [6(N-H)] at 1581 cm™ ' of the urea group appeared in
the spectrum of the product when HDA/DMSO was dropped onto
HDI/DMSO.>'*232434 Thege results suggest that polyurea was
formed when HDA/DMSO was added to HDI/DMSO.

FTIR-ATR spectra were acquired before and after the addi-
tion of HDA/DMSO. Fig. 4a shows the ATR spectra recorded
from immediately before the addition of HDA/DMSO (set as 0 s)

(a) HDA (b) HDI

AN SN A0
HaN OCN
(c) HeXDA (d) Hexpl

HzN/\O/\NHz OCN/\O/\OCN

Fig. 1 Chemical structures of (a) hexamethylenediamine (HDA), (b) hex-
amethylene diisocyanate (HDI), (c) 1,3-bis(aminomethyl)cyclohexane
(H6XDA), and (d) 1,3-bis(isocyanatomethyl)cyclohexane (H6XDI).

21872 | Phys. Chem. Chem. Phys., 2025, 27, 21871-21877

View Article Online

PCCP

Spectra acquired

every 0.07 s.
Rapid-scan

experiment y 1

.

ATR unit _Diisocyanate)
AN Soltition

IR

Absorbance

D imageof FT-IR spectra -~~~

Nitrogen flow
Sample chamber

Fig. 2 Schematic of the experimental setup for rapid-scan time-resolved
FTIR-ATR spectroscopy.
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Fig. 3 FTIR-ATR spectra of (a) the product formed by the polyaddition
reaction of hexamethylenediamine (HDA)/dimethyl sulfoxide (DMSO) with
hexamethylene diisocyanate (HDI)/DMSO, (b) HDI/DMSO, (c) HAD/DMSO,
and (d) DMSO.

to 200 s. The initial ATR spectrum showed a strong ¥(N—C—O0)
peak corresponding to HDI at 2265 cm™ ' and a weak broad
peak assigned to DMSO at approximately 1650 cm™'. The
intensity of the »(N—C=—0) peak began to decrease 1 s after
the addition of HDA/DMSO and disappeared after 10 s. On the
other hand, the ©(C=0) and 6(N-H) absorption peaks of the
urea group were initially absent in the HDI/DMSO spectrum but
appeared 1.0 s after adding HDA/DMSO. Their absorption
intensities changed slightly during the 10-200 s period. There-
fore, we focused on the period between the addition of HDA/
DMSO (0 s) and 1.33 s (during which the ATR spectrum
changed significantly) and monitored the ATR spectra every
0.07 s.

The ATR spectra recorded from 0 to 1.33 s are shown in
Fig. 4b. The intensity of the absorption peak at 2265 cm ™"
ascribed to »(N=—=C=—O0) decreased after the addition of HDA/
DMSO, along with the simultaneous appearance of the absorp-
tion peaks for ©(C=0) and J(N-H) at 1617 and 1581 cm ',
respectively, which are ascribed to the urea group. The inten-
sities of these two peaks strengthened over time. The polyaddi-
tion reaction between a diisocyanate and diamine is generally
considered to be extremely rapid. In this experiment, most of
the reaction appeared to occur within 1 s from when the

HDA/DMSO solution was dropped onto the HDI/DMSO
solution on the ATR prism. The reduction in the number of
isocyanate groups and formation of urea moieties within 1 s are
due to the polyaddition reaction between HDI and HDA, as
evidenced by the changes in the relative peak intensities in the

This journal is © the Owner Societies 2025
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Fig. 4 FTIR-ATR spectra acquired during the polyaddition reaction of
hexamethylenediamine (HDA)/dimethyl sulfoxide (DMSO) and hexamethy-
lene diisocyanate (HDI)/DMSO. (a) 0-200 s and (b) 0-1.33 s (O s corre-
sponds to the point immediately before HDA/DMSO was dropped onto
HDI/DMSO).

FTIR-ATR spectra; hence, this technique is effective for obser-
ving very fast reactions.

Kinetics of the polyaddition reaction of a diamine and
diisocyanate

Rapid-scan time-resolved FTIR spectroscopy was also per-
formed on the polyaddition reaction of 1.0 M H6XDA/DMSO
and 1.0 M H6XDI/DMSO using the same method described
above. The FTIR-ATR spectra showed absorption peaks related
to the (N=C=0) mode of the diisocyanate (HDI: 2265 cm ',
H6XDI: 2257 cm ™ ') and §(N-H) mode of the urea group (HDI +
HDA: 1581 cm ™, H6XDI + H6XDA: 1555 cm ). The absorbance
values of these peaks are plotted as a function of time in Fig. 5a
and b from the point at which the diamine solution was
dropped onto the diisocyanate solution. The absorbance values
were the maximum peak heights for following analysis.

The absorbance of the y(N—C—O0) peak (2265 cm ")
decreased sharply within 1 s after adding HDA/DMSO
(Fig. 5a), while that of the 5(N-H) peak (1581 cm™ ') increased
sharply within the same period. This indicates that polyurea
(which contains urea groups) was formed by the polyaddition
reaction of the diisocyanate and diamine. In a similar manner,
the absorbance of the »(N—C—0) peak (2257 cm ') sharply
decreased while that of the J(N-H) peak increased when
H6XDI/DMSO reacted with H6XDA/DMSO. We analyzed the
reaction kinetics based on the absorbance changes in the initial
1 s of the reaction.

This journal is © the Owner Societies 2025
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Fig. 5 Absorbance values of the (N—C=—O) peak related to the diiso-
cyanate and d(N-H) peak related to polyurea as a function of time during
the polyaddition reactions (a) between hexamethylenediamine/dimethyl
sulfoxide (DMSO) and hexamethylene diisocyanate/DMSO and (b)
between 1,3-bis(aminomethyl)cyclohexane/DMSO and 1,3-bis(isocyana-
tomethyl)cyclohexane/DMSO.

The polyaddition of a diamine to a diisocyanate is shown in
Scheme 1, and the corresponding kinetics equation can be
written as

d[polyurea]

i k[diamine]"' [diisocyanate]™, (1)

where 1, and n, are the reaction orders, ¢ is the reaction time,
and £ is the reaction rate constant.

We focused on the rate of decrease in the diisocyanate
concentration as polyurea formation proceeds when the dia-
mine and diisocyanate solutions are mixed.

_ d[diisocyanate]

ir = k[diamine]" [diisocyanate]™, (2)

Eqn (2) can be expressed in terms of the concentrations of the
functional groups involved in the formation of the urea group
as follows:

_denco
dt

=k-enm,™ - enco™, (3)

where ¢cnco and ¢y, are the concentrations of the -NCO and
-NH, functional groups, respectively. Because the diamine and
diisocyanate concentrations were initially equal in this experi-
ment and the reaction follows a 1:1 stoichiometry, eqn (3) can
be written as

~denco

T enco ", (4)

where n = (n; + n,) is the reaction order.

Using the Beer-Lambert law, the concentration of the -NCO
functional group was calculated from the absorbance of the
(N—C—0O0) peak. The ATR spectra of the DMSO solutions of
0.2-1.0 M HDI and H6XDI were acquired, and the absorbance
of the ¥(N—=C=0) peak was plotted against the concentration.
The molar absorption coefficient was calculated from the slope

0 (o]
H;N=R—NH; + O=C=N—R'-N=C=0 ——> %g—T—R—T—g—T—R'—T%
diamine diisocyanate H H H H /n
polyurea

Scheme 1 Polyurea formation via the polyaddition of a diamine to a
diisocyanate.
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of this plot (Fig. S1) and used to determine the concentration of
the -NCO functional group. The IR penetration depth of the
ATR prism was used as the optical path length (eqn (S1)).>

Polyurea and polyurethane are formed through a second-
order reaction.>*"** To confirm the validity of the second-order
reaction model used in this study, we applied the half-life
method to calculate the reaction order n using concentrations
of 0.5 and 1.0 M for the diamine and diisocyanate solutions,
respectively (see Section S2). The calculated results confirm that
the reaction is second order; consequently, eqn (4) can be
written as eqn (5) and integrated to obtain eqn (6):

~denco

=k 2 5
dr CNCO ()

1 1
= + kt, (6)
CNCO  CNCO,

where cnco, is the initial concentration of the diisocyanate.
Eqn (6) was used to calculate the reaction rate constant k from
the slope of the relationship between 1/cnco and the reaction
time ¢.

Fig. 6 shows the variation of 1/cnco with ¢ during the
reactions between HDA/DMSO and HDI/DMSO and between
H6XDA/DMSO and H6XDI/DMSO. The time at which the dia-
mine solution was dropped onto the diisocyanate solution was
set to 0 s, and k values were obtained from the plotted curves by
linear regression analysis.

The k value for the polyaddition reaction of HDI/DMSO
and HAD/DMSO was 7.75 L mol ' s while that for the
polyaddition reaction of H6XDI/DMSO and H6XDA/DMSO was
8.21 L mol ' s . Thus, in our study, the polyaddition reaction
of alicyclic monomers was faster than that of aliphatic mono-
mers in the initial stage. Rapid-scan time-resolved FTIR-ATR
spectroscopy facilitated the analysis of the initial stage (first

8 .
e
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e
0
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Fig. 6 Reciprocal of the isocyanate concentration (cnco) as a function of
time for the polyaddition reactions (a) between hexamethylenediamine/
dimethyl sulfoxide (DMSO) and hexamethylene diisocyanate/DMSO and (b)
between 1,3-bis(aminomethyl)cyclohexane/DMSO and 1,3-bis(isocyana-
tomethyl)cyclohexane/DMSO.
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second) of the polyaddition reaction of a diisocyanate and
diamine.

Changes in hydrogen bonding during the polyaddition reaction

The NH group of a urea moiety forms an intermolecular
hydrogen bond with the C=O0O group of another urea moiety,
and the positions of the ©(C=O0) and 6(N-H) FTIR peaks
(derived from the urea group) change according to the hydro-
gen bonding state.>*”"*° In general, the 1(C—=O0) peak shifts to a
lower wavenumber, whereas the 6(N-H) peak shifts to a higher
wavenumber when hydrogen bonds are formed.>*”*° We ana-
lyzed the formation of polyurea and intermolecular hydrogen
bonding by observing the changes in the positions of these
peaks during the polyaddition reaction. The FTIR-ATR spectra
for the reactions between 1.0 M HDI/DMSO and 1.0 M HDA/
DMSO and between 1.0 M H6XDI/DMSO and 1.0 M H6XDA/
DMSO over the first ~100 s after dropping the respective
diamine solutions onto the diisocyanate solutions are shown
in Fig. 7a and b, respectively.

The spectrum acquired 0.07 s after dropping HDA/DMSO
onto HDI/DMSO (Fig. 7a) showed a weak 1(C—O) absorption
peak at 1617 cm™". The intensity of this peak was significantly
higher 1 s later and increased slightly as the time further
increased to 100 s. However, the position of the ©(C—O0) peak
did not change over this period (Fig. 7c). In a similar manner,
the absorbance of the §(N-H) peak at 1580 cm™ ' increased
rapidly after adding HDA/DMSO but only increased slightly
thereafter (Fig. 7a). The position of this peak also did not
change, similar to that of the (C—0) peak.

Fig. 7b shows the appearance of a broad 1(C—O0) absorption
peak at 1666 cm ™" 0.07 s after dropping H6XDA/DMSO onto
H6XDI/DMSO, and its intensity increased with increasing time
(up to 0.49 s). Fig. 7d shows the evolution of the ©(C—=O0) peak
position with time during the reaction. The peak shifted
from 1666 cm ' at the initial stage of polyurea formation to
~1656 cm ™! after 1 s and then to 1640 cm™ " after 10 s. On the
other hand, the §(N-H) absorption peak appeared at 1555 cm ™
from 0 to 0.49 s, then shifted to a higher wavenumber
(1563 cm™') at 100 s (Fig. 7b).

The urea group can form three different states of intermo-
lecular hydrogen bonding—ordered, disordered, and free—as
indicated by the different ©(C—O0) peak positions (i.e., 1630-
1645, 1650-1665, and 1685-1710 cm ™', respectively).>*'*>772°
Changes in the intermolecular hydrogen bonding state shift the
1(C—=0) peak position by 30-60 cm ™", which is larger than the
difference associated with changes in the chemical structure
(less than 15 cm™ ').>* The 1(C=O0) peak was observed at
1617 cm™ ' from the point at which HAD/DMSO was added to
the end of the reaction of the aliphatic monomers (i.e., HDI and
HDA). This peak position is approximately 10 cm™" lower than
that reported for ordered hydrogen bonding,>*'*2”~2% which
indicates that the polyurea synthesized from HAD and HDI
mainly formed ordered hydrogen bonds. The (C—O) peak
position did not change during the reaction, which implies
that the ordered hydrogen bonds formed in the initial stage
were maintained. In contrast, the 1(C—0) peak was observed at

This journal is © the Owner Societies 2025
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Fig. 7 ATR spectra as a function of time in the 0—-100 s range for the polyaddition reactions (a) between hexamethylenediamine (HDA)/dimethyl
sulfoxide (DMSO) and hexamethylene diisocyanate (HDI)/DMSO and (b) between 1,3-bis(aminomethyl)cyclohexane (HE6XDA)/DMSO and 1,3-
bis(isocyanatomethyl)cyclohexane (HEXDI)/DMSO. Shifts in the v(C=0O) IR peak during the reactions (c) between HDI/DMSO and HDA/DMSO and (d)

between H6XDI/DMSO and HEXDA/DMSO (the inset shows the first 10 s).

1666 cm™ " in the initial 0.5 s of the reaction between H6XDI
and H6XDA, which suggests that the hydrogen bonds
formed were mainly disordered. The peak position shifted to
1656 cm ™" beyond the 0.5-2 s range, which indicates that the
hydrogen bonds remained disordered but were stronger than
those formed in the first 0.5 s. The (C—0) peak subsequently
shifted to 1640 cm ™" as the reaction progressed, indicative of
the formation of ordered hydrogen bonds. Hence, the urea
groups formed stronger ordered hydrogen bonds over time
during the polyaddition reaction of alicyclic H6XDI and
H6XDA, although poor hydrogen bonding was observed in the
initial stage of the reaction. However, in the case of alicyclic
H6XDI and H6XDA, the half bandwidth of the »(C=0) and J(N-
H) bands is wider compared to the case of aliphatic HDI and
HDA. In addition, the intensity ratio of the #(C—0) and 6(NH,)
absorption bands differed between the alicyclic and aliphatic
cases. These results suggest that the hydrogen bonding order of
polyurea formed from H6XDI and H6XDA was lower than that
formed from HDI and HDA.

The schematic diagram in Fig. 8 shows the formation of
polyurea and intermolecular hydrogen bonds. The aliphatic
HDA and HDI monomers are linear molecules with methylene
groups; consequently, the polyaddition product experiences

This journal is © the Owner Societies 2025

little steric hindrance near the urea groups, leading to short
inter-urea distances. Therefore, ordered hydrogen bonds easily
form concurrently with polyurea formation. In contrast, the
polyurea formed from H6XDA and H6XDI experiences steric
hindrance near the urea groups; consequently, hydrogen bonds
form with difficulty, and poor hydrogen bonding is observed in
the initial stage of polyurea formation. However, inter-urea
distances decrease as the reaction progresses owing to polyurea
aggregation, which would enhance hydrogen bonding and lead
to an ordered state. However, poorly ordered hydrogen bonds
remained in the polyurea. These results reveal that intermole-
cular hydrogen bonding during polyurea formation depends on
the monomer structure.

Experimental

Materials

The aliphatic monomers HDA and HDI and the DMSO solvent
were purchased from Nacalai Tesque (Japan). The alicyclic
monomers H6XDA and H6XDI were purchased from Tokyo
Chemical Industry (Tokyo, Japan).

Phys. Chem. Chem. Phys., 2025, 27, 21871-21877 | 21875
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Fig. 8 Schematic of the polyaddition reactions of aliphatic and alicyclic diamines and diisocyanates and formation of intermolecular hydrogen bonds in polyurea.

Observation of polyurea formation by time-resolved FTIR-ATR
spectroscopy

HDA, HDI, H6XDA, and H6XDI were dissolved in DMSO, each at a
concentration of 1.0 M. FTIR spectroscopy was performed using an
FT/IR-6600 FTIR spectrometer (Jasco) equipped with an ATR PRO
ONE single-reflection ATR unit (Jasco) with a diamond prism. The
ATR measurement was performed under non-polarized conditions.
Fast time-resolved FTIR spectra were rapidly acquired using a
mercury-cadmium-telluride detector, with spectral acquisition inter-
vals that varied with resolution. The resolution was 4 cm™" in this
experiment; hence, spectra were acquired at intervals of approxi-
mately 70 ms for 5 min. The diisocyanate solution (0.1 pL) was
dropped onto the ATR prism under flowing nitrogen prior to the
experiment, and the diamine solution (0.1 pL) was added immedi-
ately after ATR spectral acquisition had commenced. The ATR
phenomenon differs from that of absorption of IR, used in measure-
ment of typical transmission or absorption spectra.”®*® In ATR-FT-
IR, the attenuation of IR can be considered due to absorption.
Because the attenuation of IR is dependent on IR wavelength, the
ATR spectrum differs from the conventional FI-IR spectrum. How-
ever, we used ATR spectra without correction in our experiment.

Conclusions

In this study, we focused on the very fast formation reaction of
polyurea, whose intramolecular polarization is derived from the
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urea group, has excellent mechanical properties owing to
intermolecular hydrogen bonding, and has recently been the
subject of research as a material for 3D printers. We aimed to
observe and analyze polyurea formation via the polyaddition of
a diamine to a diisocyanate, which proceeds within seconds, by
in situ rapid-scan FTIR spectroscopy. Variations in the absorp-
tion spectrum over the first 1 s of the reaction were analyzed
using chemical kinetics. The polyaddition reactions of aliphatic
and alicyclic diamine and diisocyanate monomers were ana-
lyzed using a second-order reaction model. Reaction rate con-
stants of 7.75 and 8.21 L mol ' s~" were obtained for the
reactions between HDI/DMSO and HAD/DMSO and between
H6XDI/DMSO and H6XAD/DMSO, respectively. Additionally, we
focused on the relationship between polyurea formation and
changes in intermolecular hydrogen bonding states. The for-
mation of polyurea and its intermolecular hydrogen bonds were
investigated based on the shift in the position of the ©(C—O0)
peak derived from the urea group of the generated polyurea.
Strong hydrogen bonding was observed in the initial stage of
aliphatic polyurea formation. On the other hand, alicyclic
polyurea exhibited weak hydrogen bonding in the initial stage
of formation (approximately 10 s), which strengthened over
time. The difference in intermolecular hydrogen bonding dur-
ing polyurea formation was attributed to the difference in the
monomer structure. We were able to clarify the changes in
intermolecular hydrogen bonding states during polyurea for-
mation, which occur within tens of seconds, according to the
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monomer structure. This study demonstrates that rapid-scan
time-resolved FTIR spectroscopy is a powerful tool for analyzing
the fast reactions involved in polyurea formation, which had
previously been difficult to characterize. We believe that this
technique can also be used to observe other fast reactions, such
as the curing reaction of materials in 3D printer inks. Further-
more, clarifying the effects of the diamine and diisocyanate
structures on polyurea formation and hydrogen bonding states
will be useful for future polyurea research, which is expected to
have a variety of applications.
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