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A B S T R A C T

An in situ characterization method using liquid Nuclear Magnetic Resonance (NMR) spectroscopy has been 
developed to aid the preparation of highly reactive non-isocyanate polyurethanes (NIPUs) from cyclic carbonate 
aminolysis. Using this methodology, the aminolysis kinetics and the final polymer structure of a model NIPU 
obtained by reaction of a 5-membered bis-cyclic carbonate (5CC) and 1,4-diaminobutane have been fully 
investigated, as a function of the type and concentration of the aminolysis catalyst, and the reaction temperature. 
Several catalysts already reported in NIPUs syntheses, including 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), have been compared. The kinetics of the 5CC hydrolysis side reaction 
was also studied. With an activation energy of 29.7 kJ mol− 1, TBD was clearly the most efficient catalyst used, 
allowing 5CC conversion ratio of up to 100 % using a concentration of 0.35 eq5CC. However, under these 
experiment conditions, TBD concentration also showed to have a non-negligible influence on the hydrolysis rate, 
representing between 6 and 14 % of the initial 5CC concentrations, at 353 K. Neither the catalyst or the tem
perature seemed to affect the polymer structure, with secondary hydroxyl-containing isomer proportions of (70 
± 6) %. Finally, this in situ NMR method is paving the way for rapid screening of innovative catalysts for sus
tainable NIPU synthesis.

Abbreviations

5CC 5-membered cyclic 
carbonate

NMR Nuclear magnetic resonance

DBU 1,8-diazabicyclo[5.4.0] 
undec-7-ene

TBD 1,5,7-triazabicyclo[4.4.0]dec-5-ene

Ea Activation energy TU 1-(3,5-bis(trifluoromethyl)phenyl)- 
3-butylthiourea

kAm Aminolysis rate constant TU- TU anionic form
NIPU Non-isocyanate 

polyurethane
​ ​

1. Introduction

Polyurethanes (PUs) have been at the forefront of synthetic polymer 
innovation for over 80 years, occupying a prominent position in the 

market [1,2], serving as assembling elements in transportation and 
construction, thermal/acoustic insulators, and core components in 
comfort items such as pillows and mattresses, among others [3–5]. 
Nevertheless, PUs are under regulatory scrutiny, particularly under the 
REACH regulation, for their negative impact on health and environment. 
In fact, they are obtained from the reaction between polyols and highly 
reactive aromatic diisocyanates, which are hazardous substances pro
duced industrially from toxic phosgene. In this context, the substitution 
of conventional PUs by polyhydroxyurethanes synthesized from the 
aminolysis of poly(cyclocarbonates) obtained by CO2 sequestration, is of 
great interest [6–8]. Despite their sustainability advantages, these 
molecules exhibit lower reactivity than isocyanates, resulting in longer 
curing times for Non-Isocyanate Polyurethane (NIPU) formulations, 
which are currently incompatible with the expected production rates of 
PUs in industrial applications. Moreover, due to the formation of a large 
number of hydrogen bonds during crosslinking of NIPUs, final 
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conversions of cyclic carbonates (CC) generally do not exceed 80–85 % 
[9,10]. On the other hand, crosslinking NIPUs at temperatures higher 
than 373 K considerably increases the production of by-products such as 
ureas, amides, oxazolidinones or imidazolididones, due to numerous 
side reactions [11].

In this context, the development of highly reactive NIPU systems is 
clearly one of the major challenges currently facing the PU industry. 
Numerous research teams have studied the reactivity of NIPU formula
tions, focusing on the chemical structure of both CC and amines [12–15] 
and the presence of specific substituents near these reactive groups [16,
17]. The influence of various organic bases, alkali metal salts, organo
metallic catalysts and Brønsted acids, on the aminolysis kinetics has also 
been studied [4,5,18]. A recent review by Kim et al. has highlighted the 
catalytic performance of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) in 
polymer synthesis [19], due to its unique chemical ability to act as both 
a proton donor and acceptor [20–22]. TBD was clearly the most studied 
catalyst in published papers dealing with NIPU catalysis (>160 articles 
on TBD catalysis). TBD exhibits superior efficiency in the aminolysis 
reaction due to its dual catalytic sites, which enhance both the nucleo
philicity of the amine and the electrophilicity of the CC carbonyl [23,
24]. In addition, its aromatic structure facilitates the reaction by 
reducing the distance between the CC and the amine during nucleophilic 
attack. However, the catalytic performance of TBD may be affected 
under humid conditions, due to its water sensitivity [25]. For aqueous 
NIPU formulations, potassium hydroxide [26] or 1,8-diazabicyclo 
[5.4.0]undec-7-ene (DBU) [27] have been preferred for catalysing 
aminolysis. On the other hand, some thiourea-based catalysts, such as 
1-(3,5-bis(trifluoromethyl)phenyl)-3-butylthiourea (TU) [9,24] and its 
anionic form (TU− ) [28], have recently been proposed, with potentially 
better results than TBD at lower catalyst concentrations. The advantage 
of these thiourea-based catalysts lies in the high acidity generated by the 
bis(trifluoromethyl)phenyl rings, which leads to a strong 
electron-withdrawing behaviour on the amine part of the thiourea, and 
thus to an efficient electrophilic activation of the CC carbonyl, pro
moting the nucleophilic attack of the primary amine.

Despite the quality of all these studies, it remains difficult to compare 
the efficiency of all catalysts, mainly due to the widespread use of TBD 
and the lack of comparative studies. Moreover, in such studies, the 
aminolysis kinetics were mainly measured either by direct physical 
methods, such as gelation time determination using plate-plate 
rheology, but without indication on the chemical structure of the final 
NIPU [29]; or by indirect chemical methods, such as Nuclear Magnetic 
Resonance (NMR) spectroscopy analyses of synthesized NIPU samples, 
with limitations on the number of samples characterized [30]. There
fore, the development of highly reactive NIPU formulations and the 
simultaneous study of the evolution of the polymer chemical structure, 
require a robust in situ characterization method. In situ NMR spectros
copy is a powerful tool that has been applied to a wide variety of 
polymer systems [31,32], especially for monitoring crosslinking re
actions in polymers [33–35].

In the present work, an innovative methodology based on in situ 
liquid NMR spectroscopy has been developed to rapidly identify the 
most favorable conditions for the production of NIPU materials. Based 
on a previously reported bis-functional 5-membered cyclic carbonate 
(5CC) [30], several NMR methods, including 1H, 13C and 
two-dimensional (2D) NMR, were used to study different catalysts 
including TBD, DBU and TU, as well as the influence of their concen
tration and the reaction temperature on the kinetic of polymerization. 
This approach was then used to calculate the activation energy of the 
different catalysts used to obtain linear NIPU systems. The stereo
chemistry of the final NIPU, depending on the experimental conditions is 
also discussed.

2. Experimental

2.1. Materials

Bisphenol A diglycidyl ether (DGEBA), TBD (98 %), DBU (98 %), 
butylamine (98 %), bis(trifluoromethyl)phenyl isothiocyanate (98 %), 
anhydrous and inhibitor-free tetrahydrofuran (THF, ≥99.9%), hexane 
(≥95%), anhydrous N-methyl-2-pyrrolidone (NMP, 99.5 %), potassium 
methoxide and deuterated dimethyl sulfoxide (DMSO-d6) and chloro
form (CDCl3) were provided by Sigma-Aldrich (France), tetrabuty
lammonium bromide (TBAB, 98 %) by Sodipro (France) and 1,4- 
diaminobutane (99 %) by Alfa Aesar (France). All chemicals were 
used as received.

2.2. Synthesis of 5-membered bis-cyclic carbonate of bisphenol A ether 
(5CC-EBA)

DGEBA (23 g, 67.56 mmol), TBAB (435 mg, 1.35 mmol) and 50 mL of 
NMP were placed in a 600 mL Parr reactor, and stirred under 30 bars of 
CO2. The reaction was carried out at 383 K for 6 h. Following the re
action, the 5CC-EBA was precipitated in deionized water to remove NMP 
and TBAB. The white solid was then filtered and dried under vacuum. 
After drying, a functionality of two 5CC groups per molecule was 
determined using 1H NMR spectroscopy (Fig. S1). 1H NMR (400 MHz, 
DMSO-d6 ppm): δ = 1.59 (s, 6H), 4.20 (m, 4H), 4.39 (m, 2H), 4.63 (m, 
2H), 5.12 (m, 2H), 6.85 (d, 4H), 7.13 (d, 4H).

2.3. Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)-3-butylthiourea 
(TU)

Synthesis of TU was carried out according to a described procedure 
[24]. Butylamine (0.81 g, 11.06 mmol) was added dropwise at room 
temperature to a stirred solution of 3,5-bis(trifluoromethyl)phenyl iso
thiocyanate (2.5 g, 9.22 mmol) in anhydrous THF (25 mL). The solution 
was stirred for 4 h at room temperature. Then, the reaction mixture was 
concentrated under vacuum and the product was recrystallized from 
hexane. After drying under vacuum, TU was obtained as a slightly yel
low powder (2.97 g, 94 % yield). The structure was confirmed by 1H 
NMR spectroscopy (Fig. S2). 1H NMR (400 MHz, DMSO-d6, ppm): δ =
0.93 (t, 3H), 1.36 (m, 2H), 1.56 (m, 2H), 3.51 (s, 2H), 7.74 (s, 1H), 8.25 
(s, 2H), 9.99 (s, NH).

2.4. Synthesis of potassium thioimidate (TU− )

Synthesis of TU− was carried out according to a described procedure 
[36]. TU (17.43 mg, 50.62 μmol) and potassium methoxide (3.55 mg, 
50.62 μmol) were placed in a dry round bottom flask under argon. 
Anhydrous THF (10 mL) was then added and the reaction mixture stirred 
at room temperature for 4 h. THF was then removed under reduced 
pressure and TU− was obtained as a yellowish viscous liquid. The 
structure was confirmed by 1H NMR spectroscopy (Fig. S2). 1H NMR 
(400 MHz, DMSO-d6, ppm): δ = 0.88 (t, 3H), 1.33 (m, 2H), 1.54 (m, 2H), 
3.49 (m, 2H), 7.72 (s, 1H), 8.23 (s, 2H).

2.5. NMR spectroscopy procedures

All NMR measurements were performed using a Bruker Advance 400 
MHz spectrometer, and the TopSpin software (Bruker, Germany).

2.5.1. Measurement of relaxation times (T1)
The proton relaxation times (T1) were measured by an inversion 

recovery sequence, for both precursors and for the corresponding NIPU. 
This method is used to determine the time taken for nuclear spins to 
return to their equilibrium state after being inverted by a radiofrequency 
pulse. The experiment begins by applying a 180◦ (π) pulse to the nuclear 
spins, inverting the longitudinal magnetization. After this pulse, the 
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spins start to relax and return to their equilibrium state. A variable 
waiting time called the inversion time (τi) is held before applying a 90◦

(π/2) pulse, flipping the longitudinal magnetization into the transverse 
plane (xy-plane). The NMR signal is then detected and, the signal in
tensity is measured. In order to determine the T1 for each proton, spectra 
were acquired at different times τi. The experiment was repeated, each 
time increasing τi gradually to produce a series of spectra. All these data 
were compiled and used to plot the T1 curve. The relaxation time was 
equal to the time τb divided by ln(2), where τb is the tipping point on the 
inversion recovery sequence (Fig. S3).

2.5.2. General procedure for kinetic experiments
All kinetic experiments were carried out in situ directly in the NMR 

tube at a 5CC-EBA concentration of 10 mg mL− 1 in DMSO-d6 at different 
temperatures. First, 5CC-EBA (10 mg, 0.23 mmol) dissolved in 1 ml of 
DMSO-d6 was introduced into the tube. The spectrometer was then 
configured with this tube. After locking on DMSO-d6, magnetic field 
homogenization (shim), probe adjustment to 1H core (atma) and signal 
amplification (rga) were successively performed. Then, 1,4-diaminobu
tane in stoichiometric conditions (2.06 mg, 0.23 mmol) and the catalyst 
(from 0 to 0,161 mmol, corresponding to 0.35 eq5CC) solubilized in 
DMSO-d6, were then added a few seconds before starting the kinetic 
experiments. The 5CC aminolysis was monitored for 6 h with 1H NMR 
spectra acquisition every 5 min, each spectrum being obtained from 16 
scans measured with an excitation pulse angle of 67◦ and a relaxation 
delay D1 of 3 s. An automatic shimming sequence was used to contin
uously homogenize the magnetic field during the experiment. After 6h, 
a13C NMR spectrum (2048 scans, D1 = 4 s), a DEPT-135◦ spectrum 
(1024 scans, D1 = 2 s) and a HSQC 2D spectrum (24 scans, D1 = 1.5 s) 
were performed to complete the study. Finally, a quantitative 1H spec
trum was also performed (32 scans, D1 = 15 s). The complete NMR 
sequence is detailed in Table S1.

All NMR signals were integrated using the same integration limits 
throughout the entire kinetic study, to calculate the corresponding 
proton concentrations with the TopSpin software. First, the area of the 
aromatic C and L protons calculated between 7.07 and 7.19 ppm, was 
used as a reference to calculate the other integrals. This reference area 
was set at 4, after verifying that the variation of T1 values between C and 
L did not influence the signal’s absolute area during the experiments. 
Considering the very poor variation (≤0.4 %) of the absolute area of the 
C + L signal (Table S2), these aromatic protons were used as an internal 
reference. Then, the quantitative 1H spectrum (#113, Table S1) was 
used to calculate the final concentration of each proton, in the NMR 
tube. Knowing the initial (#1) and final (#113) concentrations of each 
proton, the qualitative spectra (#2–109) were used to calculate the 
consumption of 5CC groups and the formation of carbamate groups, 
without taking account of T1 variations between protons. Finally, for 
each spectrum i, the aminolysis conversion ratio pi (Eq. (1)), was 
calculated from the average integral of the A, B1 and B2 peaks ([C]i), 
corresponding to the protons carried by the 5CC groups of the 5CC-EBA, 
and from the hydrolysis ratio ([H]i). The degree of polymerization DPn 
was calculated from Eq. (3), derived from the Carothers’ equation, 
considering a polyaddition in stoichiometric proportions.

3. Results and discussion

3.1. NMR procedure set-up

3.1.1. Qualitative description of the 1H NMR spectrum of polymerized 
NIPU

The linear NIPU polymer studied in the present work was prepared 
by reaction between commercially available 1,4-diaminobutane and a 
bis-functional 5-membered cyclic carbonate (5CC-EBA) monomer ob
tained by DGEBA carbonation. This system has already been reported by 
Dong et al. with reaction times of 4 h without TBD, or 1h with 30 mol% 
of TBD, at 298 K [30]. Here, this system was used to investigate the 

influence of experimental parameters such as the reaction temperature, 
or the catalyst type and concentration, on the aminolysis kinetics, using 
in situ NMR spectroscopy.

A NIPU was first synthesized directly in DMSO-d6 at 353 K for 6 h, 
using 1 eq5CC of diamine and 0.05eq5CC of TBD catalyst. This catalyst 
concentration (1.3 wt%) was in the range of reported concentrations in 
NIPU materials (usually between 1 and 6 wt%) [24]. A qualitative 1H 
NMR analysis of the NIPU was then performed and compared to the ones 
of the precursors, in order to attribute the different NMR signals 
(Fig. S4). The peaks corresponding to the 5CC protons of the 5CC-EBA 
monomer, visible at 4.39, 4.63 and 5.12 ppm (see A, B1 & B2 protons 
in ESI, Fig. S1), significantly decreased in the resulting polymer, indi
cating a consumption of 50.9 % of the 5CC groups during the aminolysis 
reaction. This was accompanied by the appearance of three new char
acteristic signals. According to the literature, a first multiplet observed 
between 3.83 and 4.15 ppm was attributed to the M, O and T methylene 
protons present on the glycerol-like units containing either a secondary 
or a primary hydroxyl group and obtained by ring opening of the 5CC, 
but also to the α-protons N of the secondary hydroxyls [30,37]. Two 
other peaks at 3.60 ppm (R) and 4.88 ppm (S) were associated with the 
formation of the primary hydroxyls, with a clear correlation between 
both signals in COSY (Fig. S5). Nucleophilic addition of the primary 
amine on the 5CC indeed results in the formation of different isomers 
due to the possibility of ring opening occurring on either oxygen of the 
carbonyl group (Fig. 1) [38]. A second reaction corresponding to the 
partial hydrolysis of cyclic carbonates and the formation of diols was 
noticed with the appearance of two peaks at 3.48 and 3.79 ppm, 
attributed to I and J protons of the terminal glycerol-like diols.

3.1.2. Evaluation of the proton relaxation times
In a conventional quantitative NMR experiment, it is generally 

accepted that the relaxation delay (D1) between each successive exci
tation pulses must be greater than five times the higher relaxation time 
(T1) to ensure complete relaxation of each spin, when a pulse angle of 
90◦ is used [39]. Consequently, the development of a quantitative NMR 
sequence to determine the aminolysis kinetics of a NIPU formulation 
under specific conditions, requires the preliminary determination of all 
T1 at the temperatures considered. Among the wide variety of experi
mental methods for measuring T1 [40], the inversion recovery experi
ment is clearly the most widely used [41,42]. T1 was therefore measured 
at different temperatures between 298 and 353 K, for both precursors 
(5CC-EBA and 1,4-diaminobutane) and for the synthesized linear NIPU 
(Table S3). Concerning the precursors first, maximum T1 values of 3.2 s 
and 3.4 s were respectively measured at 298 K for the A protons of the 
5CC-EBA and the G protons of the diamine, indicating lower mobility 
than for others protons. Lower T1 values were then measured when 
increasing the temperature at 353 K, with minimal T1 measured at 333 
K. For the NIPU protons, lower T1 values were measured at 298 K, 
ranging from 0.2 s to 1.9 s. Nevertheless, when increasing the temper
ature, a different behaviour was observed with a significant increase of 
the T1, to reach up to 5.0 s for the Q protons, corresponding to the 
methylene in β-position from the nitrogen of the carbamate groups.

Considering this maximum T1 value of 5.0 s measured for the NIPU 
formulation in the temperature range investigated, the development of a 
quantitative NMR sequence would require the application of a relaxa
tion delay D1 of at least 25 s with a pulse angle of 90◦, or 5 s with a pulse 
angle of 67◦. Due to this rather long period, it was preferred to work only 
with qualitative data during the kinetics experiments, using a D1 o 3 s 
and a pulse angle of 67◦, in order to maximise the number of scans for 
each spectrum but also the number of spectra, and to avoid losing in
formation during the first hour of the experiment. However, since it is 
possible to study the relative evolution of each peak using qualitative 1H 
NMR spectroscopy, it was decided to introduce a quantitative spectrum 
at the end of each kinetics experiment, in order to recalculate the actual 
concentration variations for each proton.
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3.1.3. NMR experiment configuration for kinetics measurement
Preliminary tests were carried out by introducing both precursors 

and the catalyst simultaneously in the NMR tube. The tube was then 
inserted into the spectrometer probe, and pre-acquisition procedures, 
including locking and shimming, were performed. The disadvantage of 
this approach was the pre-acquisition delay, resulting in the loss of in
formation during the critical first 7–8 min, which are crucial for inves
tigating the kinetics of reactive formulations. The following tests were 
consequently carried out by introducing the reagents at different times 
of the procedure. Initially, only the 5CC-EBA and the DMSO-d6 were 
added to the NMR tube, which was then inserted into the spectrometer 
for pre-acquisition. The NMR tube was then removed from the spec
trometer, before adding the amine and catalyst. After mixing, the tube 
was reinserted into the spectrometer, and spectrum acquisition started 
without further pre-acquisition. Nevertheless, during the reaction, the 
chemical composition inside the NMR tube evolved due to the con
sumption of both precursors and the progressive synthesis of the NIPU, 
disturbing the magnetic field. As a result, the spectral resolution 
decreased as the reaction progressed. To overcome this problem, an 
automatic shimming process was used throughout the entire reaction. 
The spectrometer adjusted the shim settings before each acquisition to 
adjust and homogenize the magnetic field, ensuring consistent spectral 
quality.

3.2. Aminolysis kinetics of 5CC-EBA with TBD at 353 K

The in situ NMR methodology was then used to investigate the 
aminolysis kinetics of a first formulation constituted of 5CC-EBA, 1.0 
eq5CC of diamine and 0.05eq5CC of TBD catalyst. The progressive con
version of both 5CC and amine groups was monitored at 353 K as a 
function of time between 0 min and 360 min. Indeed, the in situ moni
toring of the 5CC-EBA aminolysis allowed the visualization of the pro
gressive consumption of the 5CC groups and the formation of the 
carbamate groups, during the 6 h of experiment (Fig. 1). First, the 3 
signals corresponding to the protons A (5.12 ppm) and B (4.63 and 4.39 

ppm) of the 5CC rings continuously decreased, to reach a conversion 
ratio of 50.9 % and an aminolysis ratio of 43.1 % after 6h of reaction 
(Fig. 2). The disappearance of the 5CC groups was accompanied by the 
emergence of the multiplet between 3.83 and 4.15 ppm, corresponding 
to protons M, N, O and T, carried by the glycerol-like units formed by 
aminolysis and ring opening of the 5CC. Both additional signals at 3.60 
(R) and 4.88 ppm (S) corresponding to the protons of the opened 5CC 
units containing a primary hydroxyl, were also progressively increasing. 
Using the quantitative spectrum measured at the end of the experiment, 
it was possible to calculate the concentration evolution of each proton 
during the in situ monitoring. After 6h, the relative abundance of pri
mary hydroxyl groups in the final NIPU polymer was determined from 
the signals at 3.60 and 4.88 ppm. The proportion of secondary hydroxyls 
was then deduced from this calculation as it was not possible to 

Fig. 1. 1H NMR spectra between 3.3 and 5.3 ppm obtained in situ after 0, 60 min, 120 min, 240 min, 360 min of reaction, in the case of the model reaction between 
5CC-EBA and 1,4-diaminobutane, catalysed with TBD (0.05 eq5CC) at 353 K (400 MHz, DMSO-d6).

Fig. 2. Evolution of the 5CC concentrations and of the aminolysis and hydro
lysis ratios during the in situ monitoring of the NIPU formation in the presence 
of TBD (0.05 eq5CC) during 6h at 353 K.
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accurately determine the α-proton integral (N) of secondary hydroxyls in 
the multiplet. Proportions of primary and secondary hydroxyl groups of 
33 % and 67 % were calculated, respectively. This result indicated that 
in these conditions, ring opening of the 5CC groups preferentially 
occurred on the oxygen bonded to the 5CC asymmetric carbon, in good 
agreement with previous studies [43,44].

Nevertheless, partial hydrolysis of the 5CC groups to end-chain diols 
was also observed, with signals appearing at 3.48 (I) and 3.79 ppm (J). 
After 6 h, the proportion of hydrolysed 5CC was approximately 7.5 % of 
the initial 5CC concentration, suggesting that the hydrolysis reaction 
remained a minor pathway compared to the aminolysis reaction (Fig. 2). 
Nevertheless, 74 % of the hydrolysis occurred during the first 5 min of 
the experiment, and only 2.1 % of the initial 5CC were hydrolysed be
tween 5 and 360 min. The rapid hydrolysis observed at the experiment 
beginning, could be attributed to the presence of a small amount of 
water (~0.44 g/L) even in anhydrous DMSO-d6, or to residual moisture 
in the atmosphere during tube preparation. Very interestingly, the 
disappearance of 5CC groups, were clearly correlated to the appearance 
of the multiplet (R2 = 0.999), with a slope of 0.94, indicating that most 
of the converted 5CC groups were involved in the NIPU synthesis, 
limiting the influence of side reactions at 353 K (Fig. 3). The difference 
of 6 % between this slope and a theoretical value of 1, was of the same 
order than the hydrolysis ratio (7.5 %) measured in this experiment, 
indicating that no additional secondary reaction occurred.

3.3. Influence of TBD catalyst concentration on the aminolysis kinetics of 
5CC-EBA

The developed NMR sequence was then used to investigate the in
fluence of the TBD concentration on the reaction kinetics, at 353 K. 
Different experiments were carried out using TBD concentrations 
ranging from 0 to 0.35 eq5CC, in good agreement with the catalyst 
concentrations reported in the literature [24]. In these experiments, the 
formation of the urethane compound was monitored by the appearance 
of the multiplet between 3.83 and 4.15 ppm. The influence of the 
catalyst concentration on the aminolysis kinetics was clearly observed 
(Table 1). Indeed, NIPU formation progressed more rapidly when the 
TBD concentration was increased. As a consequence, the final ami
nolysis ratio after 6h was between 17.3 % and 87.5 %, depending on the 
TBD concentration (Fig. 4A). The hydrolysis kinetics also depended on 
the catalyst concentration as the final hydrolysis ratio of 5CC groups 
ranged from 5.8 % with no TBD, up to 14 % with 0.15 eq5CC. The initial 
hydrolysis ratios were observed to range from 5 % without catalyst to 
8.2 % with 0.35 eq5CC (Fig. 4B). By increasing the amount of TBD, the 

hydrolysis mechanism appears to compete with the aminolysis mecha
nism. Actually, in its protonated form, HTBD+ could favour the activa
tion of the 5CC carbonyl, at the expense of the amine activation [19,45].

The proportion of primary and secondary hydroxyls in the NIPU 
structure was also determined after 6h of reaction. A relative proportion 
ranging from 65 % to 78 % was calculated for secondary hydroxyls, 
showing no specific trend between each TBD concentration (Table 1). 
Considering these results, the catalyst concentration did not show any 
significant effect on the isomer proportions, with a mean proportion of 
secondary hydroxyls of (72 ± 6) %.

To mimic the specifications of industrial PU formulations, a catalyst 
concentration lower than 2 wt% is expected. In the following sections, it 
was therefore decided to use a catalyst concentration of 0.07 eq5CC, 
corresponding to 1.8 wt%, in order to optimize the aminolysis kinetics.

3.4. Influence of the temperature on the reaction kinetics in presence of 
TBD

3.4.1. 5CC conversion ratios depending on the experiment temperature
The effect of the temperature on the kinetics of the aminolysis and 

hydrolysis reactions was then investigated. Reactions were carried out 
using 0.07 eq5CC at temperatures between 298 K and 353 K, to avoid 
secondary reactions [9]. The conversion of 5CC groups was monitored as 
a function of time between 0 min and 360 min, by studying the relative 
disappearance of the NMR signals at 4.39, 4.63 and 5.12 ppm (Fig. S6). 
The evolution of the corresponding curves clearly shows an influence of 
the reaction temperature on the kinetics of 5CC consumption (Fig. 5A). 
As expected, increasing the reaction temperature significantly acceler
ated the aminolysis reaction, with aminolysis ratios ranging between 
15.8 % and 67.0 % for reaction temperatures of 298 K and 353 K, 
respectively (Fig. 5B). However, the lower the reaction temperature, the 
greater the effect of an increase of just a few degrees. Indeed, for the 
system studied, the effect of temperature on the aminolysis reaction was 
found to be minimal between 333 K and 353 K. Both kinetic curves 
showed no significant variation during the first hour of reaction, but 
different aminolysis ratios of 58.9 % and 67.0 % were measured after 6h 
at 333 K and 353 K, respectively.

Partial hydrolysis of the 5CC was also observed, with the appearance 
of the peaks at 3.48 and 3.79 ppm. Nevertheless, most of the hydrolysis 
took place during the initial 5 min of the reaction, with observed ratios 
fluctuating between 6.1 % and 8.0 %. Final hydrolysis ratios were be
tween 7.7 % and 8.7 % (Table 1), indicating that temperature had a 
much lower impact than the TBD concentration. Moreover, increasing 
the reaction temperature had no significant influence on the proportions 
of both isomers formed by ring opening of the 5CC. Indeed, a mean 
relative proportion of (67 ± 5) % was calculated for the secondary hy
droxyl groups, with no specific trend depending on the temperature.

3.4.2. Calculation of the activation energy of the aminolysis reaction
The aminolysis of 5-membered bis-cyclic carbonates generally fol

lows second-order kinetics when stoichiometric proportions of 5CC and 
amine groups are considered [15,46]. In this study, the aminolysis re
action was assumed to follow the polymerization kinetics equations for a 
linear system with an external catalyst (Equations (1)–(3)). Considering 
the hydrolysis reaction, the rate constant of the aminolysis reaction 
(kAm) was calculated from the slope of the linear regression (R2 > 0.99) 
between the degree of polymerization (DPn) and time (Fig. 6), for each 
investigated reaction temperature (Table 1). 

pi =
Δ[C]0 − Δ[C]

[C]0
=

([C]0 − [H]0) − ([C]i − [H]i)

[C]0 − [H]0
(Eq.1) 

DPn =
1

1 − pi
=

1

1 −
([C]0 − [H]0) − ([C]i − [H]i)

[C]0 − [H]0

=
[C]0 − [H]0
[C]i − [H]i (Eq.2) 

Fig. 3. Evolution of the carbamate group concentration with the proportion of 
converted 5CC groups, during the in situ monitoring of the NIPU formation in 
the presence of TBD (0.05 eq5CC) during 6h at 353 K.

A. Monmagnon et al.                                                                                                                                                                                                                           Polymer Testing 140 (2024) 108615 

5 



DPn = ([C]0 − [H]0) kAmt + 1 (Eq.3) 

where [C]0 and [H]0 are the concentrations of 5CC groups and hydro
lysed diols at the experiment start, and [C]i and [H]i are the concen
trations of 5CC groups and hydrolysed diols determined by the NMR 
method at the considered reaction time i. pi and DPn represent the 
conversion ratio and degree of polymerization of the aminolysis 
reaction.

Most studies dealing with aminolysis kinetics stopped after esti
mating the rate constant [15]. To the best of our knowledge, only one 
publication detailed a kinetic study of NIPU synthesis, extending to the 
determination of activation energies [47]. In this paper, Yuen et al. 
carried out a kinetic study on monofunctional cyclic carbonates with 5- 
and 8-membered rings in the presence of five different amines. The 
activation energy for 8-membered was estimated at 40 kJ mol− 1, 

whereas the activation energy was not determined for their 5CC pre
cursor. Activation energies (Ea) can be estimated from the aminolysis 
rate constant (kAm), using Arrhenius’ law (Equation (4)). 

kAm = Ae−
Ea
RT (Eq.4) 

where kAm is the aminolysis rate constant, R is the gas constant (8.314 J 
mol− 1 K− 1), T is the reaction temperature (in K) and A is the pre- 
exponential factor representing the frequency of collisions between 
the reactive molecules. Ea and A were determined by plotting the evo
lution of ln(kAm) with 1/RT (in J.mol− 1; Fig. 7). Thus, an activation 
energy of 29.7 kJ mol− 1 and a pre-exponential factor A of 175.7 L mol− 1. 
min− 1 were calculated for the TBD catalyst (Table 2).

Table 1 
Influence of the concentration of TBD catalyst and of the temperature reaction, on the aminolysis and hydrolysis ratios and on the NIPU structure, measured after 6h by 
in situ NMR monitoring of the reaction of 5CC-EBA and 1,4-diaminobutane (DMSO-d6, 400 MHz).

Entry Concentration of TBD 
a

Reaction 
temperature

Final aminolysis ratio of 
5CC

Final hydrolysis ratio of 
5CC

Isomer ratio b OHII: 
OHI

Aminolysis kinetics constant 
kAm 

c

(eq5CC) (K) (mol%) (mol%) (L.mol− 1.min− 1)

1 – 353 17.3 5.8 0.65 : 0.35 3.16x10− 5

2 0.050 353 43.1 7.5 0.67 : 0.33 1.39x10− 3

3 0.070 353 67.0 7.6 0.78 : 0.22 5.77x10− 3

4 0.15 353 74.5 14 0.78 : 0.22 1.96x10− 2

5 0.35 353 87.5 13 0.73 : 0.27 6.34x10− 2

6 0.070 298 15.8 7.7 0.65 : 0.35 9.18x10− 4

7 0.070 313 49.5 7.7 0.62 : 0.38 2.15x10− 3

8 0.070 333 58.9 8.7 0.73 : 0.27 4.74x10− 3

a TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene.
b OHII and OHI: secondary and primary hydroxyl groups of both isomers obtained by 5CC ring opening.
c Calculated from Eq. (3).

Fig. 4. (a) Evolution of the aminolysis and (b) hydrolysis ratios in the reaction 
of 2,2-bis[p-(1,3-dioxolan-2-one-4-ylmethoxy)phenyl] and 1,4-diaminobutane 
at 353 K in the presence of TBD concentrations between 0 and 0.35 eq5CC, 
measured by in situ NMR spectroscopy (DMSO-d6, 400 MHz).

Fig. 5. Evolution of the (a) residual cyclic carbonate content and of the (b) 
aminolysis ratio during the reaction of 2,2-bis[p-(1,3-dioxolan-2-one-4-ylme
thoxy)phenyl] and 1,4-diaminobutane, catalysed with TBD (0.07 eq5CC), 
measured by in situ NMR spectroscopy (DMSO-d6, 400 MHz).
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3.5. Influence of the catalyst nature on the aminolysis kinetics of 5CC- 
EBA

3.5.1. Qualitative description of the catalyst effect
The NMR methodology was finally used to study the influence of the 

catalyst nature on the kinetics of the aminolysis and hydrolysis reactions 
at temperatures between 298 and 353 K. The reaction was carried out 
using 5CC-EBA and 1,4-diaminobutane in stoichiometric conditions, and 
0.07 eq5CC of a given catalyst. The evolution of the 5CC and carbamate 
concentrations clearly shows an influence of the catalyst structure on the 
reaction kinetics (Fig. 8A). TBD proved to be the most efficient catalyst, 
with an aminolysis ratio of 67.0 % after 6 h at 353 K, compared with 

Fig. 6. Evolution of the calculated degree of polymerization (DPn) during the 
reaction of 5CC-EBA with 1,4-diaminobutane catalysed with TBD (0.07 eq5CC) 
at temperatures of 298, 313, 333 and 353 K.

Fig. 7. Relationship between ln(kAm) and 1/RT during the reaction of 5CC-EBA 
with 1,4-diaminobutane catalysed with 0.07 eq5CC TBD, DBU, TU or TU− in 
DMSO-d6.

Table 2 
Aminolysis and hydrolysis final ratios, isomer proportions in the final NIPU structure, and kinetic parameters of the aminolysis reaction, depending on the catalyst at 
temperatures between 298 and 353 K.

Entry Catalystsa Reaction 
temperature

Final aminolysis ratio 
of 5CC

Final hydrolysis ratio 
of 5CC

Isomer ratio b

OHII: OHI

Aminolysis kinetics 
constant kAm 

c
Ea d A d

(K) (mol%) (mol%) (L.mol− 1.min− 1) (kJ. 
mol− 1)

(L. mol− 1. 
min− 1)

1 TBD 298 15.8 7.7 0.65 : 0.35 9.18x10− 4 29.7 176
313 49.5 7.7 0.62 : 0.38 2.15x10− 3

333 58.9 8.7 0.73 : 0.27 4.74x10− 3

353 67.0 7.6 0.78 : 0.22 5.76x10− 3

2 DBU 298 16.9 7.9 0.74 : 0.26 2.23x10− 4 31.2 56.6
313 24.2 7.1 0.79 : 0.21 3.43x10− 4

333 30.1 7.8 0.83 : 0.17 4.20x10− 4

353 51.9 9.0 0.85 : 0.15 1.91x10− 3

3 TU 298 18.1 8.6 0.83 : 0.17 5.78x10− 5 44.8 4880
313 19.5 8.7 0.79 : 0.21 2.57x10− 4

333 21.2 8.5 0.81 : 0.19 2.77x10− 4

353 37.5 9.9 0.84 : 0.16 1.37x10− 3

4 TU- 353 12.1 9.6 0.64 : 0.36 5.07x10− 6 n.d. n.d.

a DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene; TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene; TU: 1-(3,5-bis(trifluoromethyl)phenyl)-3-butylthiourea.
b OHII and OHI: secondary and primary hydroxyl groups of both isomers obtained by 5CC ring opening.
c Calculated from Eq. (3).
d Calculated from Eq. 4.

Fig. 8. Evolution of the (a) aminolysis and (b) hydrolysis ratios during the 
reaction of 2,2-bis[p-(1,3-dioxolan-2-one-4-ylmethoxy)phenyl] and 1,4-diami
nobutane, catalysed with 0.07 eq5CC TBD, DBU, TU or TU− at 353 K.
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12.1 % for TU− , 37.5 % for TU and 51.9 % for DBU. All the results are 
quite logical when comparing the morphology of each catalyst. TU and 
DBU catalysts only interact with either the amine or the cyclic carbon
ate. In contrast, TBD acts as a dual-activation catalyst [48], due to its 
strong basicity (pKa = 26 in acetonitrile) [45,49]. It interacts simulta
neously with both the amine and the cyclic carbonate precursors 
through hydrogen bonding. For the thiourea-based catalysts, TU and 
TU− , a significant difference in reactivity was observed. Surprisingly, 
the results with thiourea based catalysts were in complete contrast to the 
literature. Indeed, Blain et al. and Bossion et al. demonstrated the high 
efficiency of these catalysts in aminolysis reactions [24,50]. For the TU−

catalyst, they achieved a conversion ratio of over 90 % at 393 K under 
bulk synthesis conditions. These good results were explained by a 
bifunctional mechanism proposed by Lin and Waymouth, suggesting 
that TU− can activate both cyclic carbonates and diamines [51]. 
Nevertheless, TU− was found to be inefficient for our system, and was 
therefore removed from the study. The poor results could be due to the 
instability of the anionic form in DMSO-d6. It has also been demon
strated that cyclohexylphenyl-based thiourea can outperform TBD at 
low catalyst loading, indicating that the concentration of this catalyst 
appears to be a crucial parameter [52].

Concerning the influence of the catalyst nature on the PHU structure, 
the relative abundance of each isomer was determined from the signals 
at 3.60 ppm and 4.88 ppm (Table 2). Irrespective of the catalyst used, 
secondary alcohols were favoured with relative proportions greater than 
64 % (TU− ) and up to 85 % (DBU). Considering this difference, the 
nature of the catalyst was supposed to have an influence on the pro
portions of primary and secondary hydroxyls. On the other hand, 5CC 
hydrolysis ratios ranging from 6.8 % to 8.6 % after 5 min at 353 K, and 
from 7.6 % to 9.9 % after 6 h, were also measured (Fig. 8B). Conse
quently, the catalyst nature did not show a significant influence on the 
5CC hydrolysis kinetics.

3.5.2. Polymerization kinetics
As performed for TBD catalyst, the aminolysis rate constant (kAm), 

the activation energy (Ea) and the pre-exponential factor A, were 
calculated using Equations 3-4, for the NIPU systems containing either 
the DBU or the TU catalyst (Table 2). The TU− catalyst was excluded 
from the study due to its inadequate kinetic performance at 353 K.

As explained above, the frequency factor A in the Arrhenius equation 
represents the frequency of collisions between reactants in a chemical 
reaction. This constant can be used to estimate the nature and proba
bility of the reaction between the precursors. By comparing the value of 
A for each catalyst, it is also possible to determine which reaction is the 
most efficient. It also provides insights into the rate and mechanism of 
the reaction under different conditions, such as temperature and catalyst 
concentration. The frequency factor A was determined for the three 
catalytic systems, revealing that TU exhibited the highest frequency 
factor among them (4880 L mol− 1.min− 1 for TU vs 176 L mol− 1.min− 1 

for TBD). Consequently, at high temperature, TU is expected to be more 
efficient than TBD and DBU. Nevertheless, at temperatures lower than 
373 K allowing the avoidance of side reactions, the TBD-catalysed re
action, for which an Ea value of 29.7 kJ mol− 1 was calculated, was the 
most favoured in our experimental conditions. Thus, TBD showed a 
higher catalytic efficiency than other catalysts between 298 and 353 K. 
Consequently, at 353 K, the aminolysis ratio constants of TBD were three 
times higher (5.76x10− 3 L mol− 1.min− 1) than that of DBU (1.91x10− 3 L 
mol− 1.min− 1), underlining the promising potential of future catalysts 
based on this guanidine-type structure.

Studies have shown that temperature has a little effect on the hy
droxyl ratio [13,53,54]. This catalyst screening also confirms the rela
tively small effect of the DBU, TBD and TU catalysts on the hydroxyl 
ratio. Actually, previous studies have showed that the most important 
factors influencing the regioselectivity of aminolysis appears to be the 
structural configuration of the precursors [55,56]. On the other hand, 
the nature of the potential solvent appears to be one of the least 

important factors influencing the regioselectivity of aminolysis [53,54]. 
However, the choice of solvent can significantly impact the aminolysis 
kinetics [15]. Furthermore, using our NMR method for characterization 
of reaction kinetics in the solvent route, it is clear that aminolysis ki
netics depend on the concentration of the reagents. Thus, the selectivity 
of the 5CC aminolysis reaction remains a subject of study. It is not yet 
fully controlled, but can nevertheless be used to synthesise NIPU with 
controlled structures.

This NMR method allowed a rapid understanding of the reactivity of 
the precursors under different conditions (temperature, catalysts, cata
lyst concentrations, etc.). It also allowed a precise elucidation of the 
microstructure of the final NIPU and how it is influenced by the different 
parameters. This approach will make it possible to better control the 
structure of NIPUs and to establish structure-properties relationships 
which are important for potential applications. A further advantage is 
the possibility of rapid screening of aminolysis conditions, which avoids 
the need for experiments that are costly in terms of infrastructure and 
raw materials. On the other hand, the significant influence of TBD on 
reactivity was also confirmed by this in situ method. The results are in 
agreement with those reported in the literature, thus validating the NMR 
approach used in this study. Consequently, this reliable in situ NMR 
method is paving the way for the rapid screening of innovative (co-) 
catalysts in order to improve the aminolysis kinetics of sustainable 
NIPUs.

4. Conclusions

The effect of the catalyst nature and concentration as well as the 
reaction temperature on the polymerization kinetics of a non-isocyanate 
polyurethane (NIPU) was fully investigated, using a reliable in situ 
characterization method based on NMR spectroscopy. The aim was to 
identify the most favorable conditions to accelerate the aminolysis of a 
bis-functional 5-membered cyclic carbonate. Solution-state NMR was 
consequently used to perform a complete kinetic study of the aminolysis 
reaction. The in situ monitoring of the reactions provided a compre
hensive approach for studying various aspects of NIPU synthesis, 
including the characterization of potential side reactions kinetics and 
by-products, the aminolysis kinetic parameters, and the isomer distri
butions in the final NIPU structure. The knowledge gained from such 
analyses contributes significantly to our understanding of NIPU syn
thesis processes and has great potential for further research. In sum
mary, this study has led to the development of a comprehensive and 
reliable methodology that is now ready to be used in the identification 
and discovery of new catalysts for the synthesis of next-generation 
NIPUs with improved reactivity.
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