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erse reactions of N-methylaniline-
blocked polyisocyanates: a clear step into double
Arrhenius plots and equilibrium temperature of
thermally reversible reactions†

A. Sultan Nasar * and G. Libni

Blocked polyisocyanates are important building blocks mainly used in a variety of polyurethane coatings. In this

study, the synthesis, kinetics of blocking and deblocking reactions and deblocking temperatures of a series ofN-

methylaniline-blocked polyisocyanates were studied in detail using a hot-stage FT-IR spectrophotometer

adopting neat conditions. The results were compared with an aim to resolve the complex questions on the

relationship between the forward and reverse reaction parameters. As a result, double Arrhenius plots for

these thermally reversible reactions were proposed which paved the way for the prediction of equilibrium

temperatures, i.e., the temperature at which both the forward and reverse reactions coexist. From these

plots, the equilibrium temperature and the equilibrium rate constants for the forward and reverse reactions

were determined. It was found that the electronic and steric effects of the substituents were reflected

uniformly in the deblocking temperature, equilibrium temperature and rate constants of the reverse

reactions. Among the six N-methylanilines studied, the one having a chloro substituent at a para position

was found to be equally reactive compared to the unsubstituted N-methylaniline in the forward reaction and

at the same time it was easily cleaved off in the reverse reaction. On the other hand the N-methylaniline

possessing a methyl ester substituent at a para position was found to be slow in the forward reaction and

cleaved off with highest rate in the reverse reaction. The data such as time required for 50% conversion into

product and the equilibrium temperature in combination with deblocking temperature reported in this work

will increase the prospects of these blocked polyisocyanates in the polyurethane industry.
Introduction

Thermal equilibrium is said to exist when the rates of the forward
and reverse reactions proceed at the same rate in thermally
reversible reactions. The equilibrium state achieved in these
chemical reactions raises the way to nd out the equilibrium
temperature which determines the end- and onset-temperatures
of the forward and reverse reaction respectively. This tempera-
ture boundary is a very useful parameter for industries producing
and using the blocked polyisocyanate raw materials. Thermody-
namics plays a crucial role in the determination of equilibrium
states of reactions, energy changes on reactions, building a rela-
tionship between temperature, concentration and time. In this
study, we are able to predict the existence of the equilibrium state
when a double Arrhenius plot is constructed for the blocking
(forward) and the deblocking (reverse) reactions, which showed
the equilibrium temperature when the plot was extrapolated to
f Madras, Guindy Campus, Chennai-600
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hemistry 2017
temperature scale. This method is more authentic and allows
direct determination of equilibrium temperature using kinetic
data of thermally reversible reactions.

Blocked isocyanates are ideal organic systems suitable for the
study of forward and reverse reactions of a thermally reversible
process in the temperature range of ambient to 100 �C.1 They are
adducts containing a comparatively weak bond formed by the
reaction between isocyanates and compounds containing an
active hydrogen atom. At elevated temperatures, the reaction
tends to proceed in such a way to regenerate the isocyanate and
the blocking agent. The regenerated isocyanate can react with
a co-reactant containing a nucleophile (alcohol or amine) to form
a urethane or urea with thermally more stable bonds. The concept
of blocked isocyanates used to make polyurethane heat-curable
products is described in Fig. 1.

Blocked isocyanates have been the subject of thorough and
well-up dated reviews.2–7 Several compounds, namely phenols,8–11

oximes,12,13 amides,14 imides,14 imidazoles,15,16 amidines,17 lac-
tams,18–21 mercaptans,22 aromatic secondary amines,23–25 alco-
hols,26–28 sodium bisulphite,29–32 pyrazoles,33–35 1,2,4-triazoles,36

hydroxamic acid esters,37 formyl acrylate,38 N-hydrox-
ypthalimide,39 N,N-dimethylacrylamide,40 and diethylene glycol
RSC Adv., 2017, 7, 34149–34159 | 34149
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Fig. 1 Concept of blocked isocyanate.
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monobutyl ether41 have been reported as blocking agents. Among
these blocking agents, phenols are most studied blocking agent
because of the possibilities of introducing a number of substitu-
ents on the benzene ring. A similar trend of substituent effect is
expected in the N-methylaniline (aromatic secondary amines)
blocked isocyanates also. Thus it is intended to study the
synthesis of a series of N-methylaniline-blocked polyisocyanates,
their blocking (forward) and deblocking (reverse) kinetics, their
deblocking temperature and the determination of their equilib-
rium temperature from the double Arrhenius plot.

Chemistry of polyurethane formation reactions has been
studied extensively.42–44 However, investigations dealing both
blocking and deblocking reactions in a comparative manner are
yet to be found in the literature. Recently we studied phenol-
blocked polyisocyanates1 with an intension to resolve the
complex question on the relationship between kinetic and
activation parameters of the forward and reverse reactions. As
a result double Arrhenius plots for thermally reversible reac-
tions were proposed for the rst time from which equilibrium
temperature range and most probable equilibrium temperature
were assessed. In this line of work, herein we report new nd-
ings on N-methylaniline-blocked polyisocyanates with better
accuracy in the results. The results reported in this paper are
indeed necessary to optimize the conditions for the develop-
ments of new products and their application.
Experimental
Materials

N-Methylaniline (Lancaster), N-methyl-o-toluidine (Aldrich), N-
methyl-o-anisidine (Aldrich), 2-chloro N-methylaniline (Aldrich),
4-chloro N-methylaniline (Aldrich), methyl 4-(methylamino)
benzoate, poly(tetrahydrofuran) (Terathane, Mn ¼ 2000) (Aldrich)
and dibutylamine (Fluka) were used as received. The TDI (TCI)
used for the preparation of blocked polyisocyanates was amixture
of isomers containing 98% 2,4-isomer and 2% 2,6-isomer. The
solvents, tetrahydrofuran (Merck), toluene (SRL, India) and
methanol (SRL, India) were puried by standard procedures.
Measurements

FT-IR spectra of polyurethane prepolymer (polyisocyanate) and
blocked polyisocyanates were recorded on a PerkinElmer
Spectrum Two model (FT-IR C101375) spectrophotometer by
the neat thin lm method.
34150 | RSC Adv., 2017, 7, 34149–34159
General procedure for the synthesis of N-methylaniline-
blocked polyisocyanates (2–7)

Blocked polyisocyanates were prepared in a two-step process. In
the rst step, isocyanate-terminated polyurethane prepolymer
(1) was prepared. Subsequently in the second step, the terminal
–NCO groups of the prepolymer were blocked with N-methyl-
aniline. The following general procedure was adopted for the
preparation of blocked polyisocyanates. In a typical synthesis,
1.69 g (9.712 mmol) of TDI was taken in a three-neck round
bottomed ask tted with a mechanical stirrer and a nitrogen
inlet. 9.7 g (4.85 mmol) of polyol, [poly(tetrahydrofuran): Mn ¼
2000] was added drop wise into the ask using an addition
funnel with stirring by mechanical means. The experimental
setup was maintained in a temperature controlled oil bath. The
addition rate was such that it took one hour for the complete
transfer. The reaction time was 5 hours; for the rst 2 hours the
temperature of oil bath wasmaintained at 50 �C and for the next
3 hours it was maintained at 70 �C. Aer 5 hours, the reaction
temperature was reduced to 40 �C; the –NCO content was
determined by the dibutylaminemethod45 and found to be close
to the expected theoretical value. This –NCO terminated pre-
polymer was then blocked with an equivalent amount (i.e., 4.85
mmol) of N-methylaniline. Aer thorough mixing, a very small
quantity of the sample was taken with the help of a glass-rod for
FT-IR measurements towards kinetic analysis and the reaction
in the ask was allowed to continue until the complete disap-
pearance of –NCO absorption in the FT-IR spectrum. The
structures of the blocked polyurethane prepolymers (blocked
polyisocyanates) were conrmed by FT-IR spectroscopic
method.
Determination of blocking kinetics parameters

The blocking kinetics of –NCO terminated prepolymer with
a series of N-methylaniline was followed by a hot-stage FT-IR
spectrophotometer. The experiments were carried out isother-
mally at any three temperatures suitable for a particular system
between the temperature ranges of 30–70 �C. In a typical
experiment, a thin lm of the reaction mixture of N-methyl-
aniline and –NCO terminated prepolymer was cast on two NaCl
discs and they covered each other separated 0.5 mm by lead
spacer. Then, the NaCl discs with a lead spacer were placed in
a heating transmission cell (HT-32, model 0019-200, Thermo-
Electron Corp., Madison, WI, USA, connected to a micropro-
cessor-based programmable temperature controller, Omega
CT-3251) maintained at desired temperature. Eight scans at
a resolution of 4 cm�1 were co-added to produce a single
spectrum in a single run. The spectrum at time-zero was
recorded within two minutes, and then was recorded at regular
time intervals. As the time increased, the absorption by the
–NCO group of isocyanate-terminated polyurethane prepolymer
at 2270 cm�1 decreased due to the blocking of the –NCO group
by N-methylaniline. The peak area under the absorption by the
–NCO group in each spectrum was calculated using Perki-
nElmer Spectrum Two soware (Version 10.4.4) and considered
as equivalent to the concentration of the polyisocyanate at time
‘t’. The obtained data were treated according to a second-order
This journal is © The Royal Society of Chemistry 2017
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rate equation in which the two reactants have an equal initial
concentration because it gave a linear t.

Second order rate equation k ¼ 1

t

x

aða� xÞ
where ‘a’ is the initial concentration of the polyisocyanate at
time t ¼ 0 and (a � x) is the concentration of the polyisocyanate
at time ‘t’. The activation energy (Ea) of the blocking reactions of
polyisocyanate was calculated from the slope of the Arrhenius
plot (log k versus T�1) using the equation Ea ¼ 2.303 � R �
slope. The entropy of activation (DS#) was calculated from the
well-known Eyring equation,

k ¼ kBT

h
eDS

#=R e�DH
#=R

where kB is the Boltzmann constant (1.3806 � 10�23 J K�1), h is
Planck's constant (6.626 � 10�34 J s), R is the gas constant
(8.314 J K�1 mol�1), T is the reaction temperature in kelvin, k is
the rate constant at T and DH# is the enthalpy of activation. The
DH# in the above equation was obtained from the energy of
activation using the relation DH ¼ Ea � RT.
Determination of deblocking temperatures of blocked
polyisocyanates

In a typical experiment, a thin lm of a blocked isocyanate was
cast on a NaCl disc and was covered with an uncoated disc. Both
the discs were placed on a heating transmission cell connected
with a microprocessor based programmable temperature
controller. The temperature of the cell was increased from
ambient to 170 �C with a heating rate of 5 �Cmin�1. Eight scans
at a resolution of 4 cm�1 were co-added to produce a single
spectrum in a single run. The lowest temperature at which
a detectable absorption in the 2270 cm�1 range due to regen-
eration of the –NCO group was noted as the minimum
deblocking temperature.
Table 1 Synthesis of N-methylaniline-blocked polyisocyanates (2–7)

Compd
no. Blocking agents

Time (min) required
for 50% completion of
blocking reaction at 50 �C

2 N-Methylaniline 11
3 N-Methyl-o-toluidine 80
4 N-Methyl-o-anisidine 21
5 2-Chloro N-methylaniline 130 (12%)
6 4-Chloro N-methylaniline 15
7 Methyl

4-(methylamino)benzoate
180
Determination of deblocking kinetics parameters

Deblocking kinetics of the blocked polyisocyanate was followed
using FT-IR spectrophotometer attached with hot-stage acces-
sories described in the preceding section. The experiments were
carried out isothermally at any four suitable temperatures for
a particular system between the temperature ranges of 100–
160 �C. Here, the time set to reach the desired temperature from
ambient was 7 minutes. The program was made in the heating
device in such a way that once the desired temperature was
reached, the experiment proceeded isothermally.

In a typical experiment, 7.5 ml of 5.0� 10�4 molar solution of
un-blocked polyisocyanate (i.e., –NCO terminated prepolymer)
in dry THF was placed on the center of one of the NaCl discs.
The solvent was evaporated under the IR lamp and then the
discs were assembled and tted with the heating accessory. The
spectrum was recorded immediately. The peak area under the
–NCO absorption was calculated and considered as ‘a’ appear-
ing in the rst-order rate equation (here ‘a’ must be considered
as equal to amount of blocked isocyanate). Then, the solution of
the same concentration of a blocked polyisocyanate was used
This journal is © The Royal Society of Chemistry 2017
for deblocking kinetic studies. The spectrum was recorded for
zero-time immediately when the sample reached the desired
temperature and then the reaction was followed at regular time
intervals. At zero-time, in all the cases, there was no isocyanate
absorption at 2270 cm�1 and as the time increased, the
absorption by the –NCO group at 2270 cm�1 increased due to
the deblocking of blocked polyisocyanates. The peak area of the
–NCO group in each spectrum was calculated using the Perki-
nElmer Spectrum Two soware and considered as ‘x’ (amount
of isocyanate regenerated) appearing in the rst order rate
equation. From the ‘a’ and ‘x’, a� x was calculated and the data
obtained were treated according to a rst order rate equation
since it gave a linear t.

First order rate equation k ¼ 2:303

t
log

a

a� x

The energy of activation (Ea), enthalpy of activation (DH#),
free energy of activation (DG#) and entropy of activation (DS#) of
the deblocking reactions were calculated as described in the
preceding section.
Results and discussion
Synthesis of blocked polyisocyanates (2–7)

The polyisocyanate was prepared separately for each entry given
in Table 1 by the reaction of two equivalents of TDI with one
equivalent of poly(tetrahydrofuran)diol (Scheme 1). The reac-
tion wasmonitored using a FT-IR spectrophotometer. To ensure
the completion of the reaction, the –NCO content of the poly-
isocyanate was determined by dibutylamine method45 and the
value was found to be in good agreement with the theoretically
calculated value of 6.33% (w/w). The strong absorption band
appeared at 2270 cm�1 range in the FT-IR spectrum (Fig. 2a)
indicated the presence of terminal –NCO groups in the poly-
isocyanate. To block the terminal –NCO group, several
substituted N-methylanilines – aromatic secondary amines –

were used as blocking agents. The blocking reactions were not
catalysed since secondary amines are highly reactive nucleo-
philes for isocyanates.23 The blocking reactions were monitored
using FT-IR spectrophotometer and the reactions were stopped
upon complete disappearance of –NCO absorption at 2270 cm�1

range in the FT-IR spectra; time required for 50% completion of
the reactions in the IR cell are given in Table 1.
RSC Adv., 2017, 7, 34149–34159 | 34151

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03734a


Scheme 1 Synthesis of N-methylaniline-blocked polyisocyanates (2–7).

Fig. 2 FT-IR spectrum of (a) isocyanate-terminated polyurethane
prepolymer and (b) N-methylaniline-blocked polyisocyanate.
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For this work, it was decided to use N-methylaniline con-
taining electron releasing substituents like methyl and methoxy
groups and electron withdrawing substituents like chloro and
ester substituents at ortho and para positions as blocking
agents. Accordingly, all the N-methylanilines were used for the
preparation of blocked polyisocyanates. Blocking reaction with
N-methyl-p-toluidine andN-methyl-p-anisidine were found to be
very fast; more than 50% of the reaction was completed within
two minutes, thus the blocking kinetics of these substituted N-
methylanilines were not able to follow using FT-IR spectro-
photometer. On the other hand, the blocking reaction with
methyl 2-(methylamino)benzoate (N-methylaniline containing
methyl ester substituent at ortho position) was found to be
extremely slow; no detectable changes in the intensity of –NCO
peak was observed for 120 minutes at 50 �C, thus the blocking
kinetics of this reaction was also not carried out. In view of these
facts, deblocking kinetic data of the blocked polyisocyanates
based on these three blocking agents were unable to include in
this work, because both forward and reverse reaction rate
constants are together required to construct double Arrhenius
plots; construction of double Arrhenius plots, obtaining the
equilibrium temperature thereof and comparison of forward
and reverse reaction parameters of thermally reversible reac-
tions are the objectives of this work.

The very high reactivity of N-methyl-p-toluidine and N-
methyl-p-anisidine (no data given) is due to the electron
34152 | RSC Adv., 2017, 7, 34149–34159
donating methyl and methoxy substituents which render the
nitrogen atom of N-methylaniline more basic for its easy attack
on the partially positive carbon atom of –NCO group during the
blocking reaction. The slow blocking reaction of N-methylani-
line substituted with electron donating substituents at ortho
position is due to the steric factor (Table 1). Here, when
compare the reactivity of N-methyl-o-anisidine to N-methyl-o-
toluidine, the former blocks the isocyanate quickly even though
its substituent is more bulky compared to methyl substituent of
the later. This indicates that, within these two cases, electronic
effect overcomes the steric effect of the methoxy substituent.
Electron withdrawing chloro and ester substituents at ortho and
para position of N-methylaniline require long time, high
temperatures and in some cases (2-chloro N-methylaniline and
methyl 4-(methylamino)benzoate) use of excess blocking agent
(10mol%) was inevitable for the completion of the reaction. The
electron withdrawing substituents decrease the electron density
at the nitrogen atom and make it comparatively less basic than
that of unsubstituted N-methylaniline, thus the reactivity of
these blocking agents is less towards –NCO group. Extremely
high reaction time and requirement of temperatures more than
75 �C for the reactions involving 2-chloro N-methylaniline
indicates presence of intramolecular hydrogen bonding in
these blocking agents which leads to the non-availability of the
hydrogen atom for the addition reaction with the isocyanate
group.

The FT-IR spectra of all the N-methylaniline blocked poly-
isocyanates were essentially identical and showed urea –NH
This journal is © The Royal Society of Chemistry 2017
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stretching absorption at 3425 cm�1, urea –NH bending
absorption at 1504 cm�1, urea –C]O stretching absorption at
1685 cm�1, urethane –NH stretching absorption at 3303 cm�1,
urethane –NH bending absorption at 1521 cm�1 and urethane
–C]O stretching absorption at 1735 cm�1. The absence of
absorption at 2270 cm�1 indicated that the isocyanate groups
were completely blocked with N-methylaniline. Typical example
spectrum is given in Fig. 2b. This conrms the formation of
amine-blocked polyisocyanates without any ambiguity.
Fig. 3 FT-IR spectra recorded for different time intervals under
isothermal condition for the blocking reaction of polyisocyanate with
N-Methylaniline: (a) 40 �C (b) 50 �C and (c) 60 �C.

This journal is © The Royal Society of Chemistry 2017
Blocking kinetics

Hot stage FT-IR spectrophotometer is the best analytical tool to
study the neat blocking kinetics of polyisocyanate with N-
methylaniline as this tool directly measures the disappearance
of the isocyanate (–NCO) functional group of the polyisocyanate
during the course of the blocking reaction. With the intention
of calculating the kinetic and activation parameters, isothermal
experiments were carried out at three different temperatures.
The distinct changes observed in the FT-IR spectrum of each
blocking reaction mixture were the steady intensity decrease of
the absorption peak at 2270 cm�1 corresponding to the disap-
pearance of –NCO groups, and the steady increase at 1730 cm�1

corresponding to the formation of urea carbonyl group with
respect to time. We followed the disappearance of the isocya-
nate absorption at 2270 cm�1 for the blocking kinetics. Typical
FT-IR spectra recorded for different time intervals at three
different temperatures for the blocking reaction are given in
Fig. 3.

While the blocked isocyanate formation via isocyanate–
phenol reaction that follow second order kinetics have been
thoroughly studied,46,47 the formation of the same via isocyanate
– secondary amine has not been reported yet. In this study, the
plots of x/a (a � x) versus time were found to be linear, passes
through the origin and conrm that the blocking reactions of
polyisocyanate with a series of N-methylanilines also follow
second order kinetics of the type A + B/ products, in which the
two reactants have the same initial concentration. Typical
second order rate plots for these reactions carried out at three
different temperatures are given in Fig. 4 and the second order
rate constants for 50% conversion along with activation
parameters for all the reactions studied are given in Table 2. The
rate constants of all the substituted N-methylanilines are found
low compared to unsubstituted N-methylaniline. This observa-
tion and the trend present in these results are absolutely in
agreement with the preceding discussion and consistent with
the time required for 50% conversion of the reaction given in
Table 1. The activation energy (Ea) values of the reactions
involving all the substituted N-methyanilines are found to be
high compared to unsubstituted N-methylaniline except for the
case of N-methyl-o-anisidine; the high Ea values are not
proportional but consistent with low rate constant values. The
high negative entropy of activation indicates that these blocking
reactions proceed through rigid intermediate at transition state.
Deblocking temperatures of N-methylaniline-blocked
polyisocyanates

As mentioned in the preceding section, hot-stage FT-IR spec-
trophotometer is the best analytical tool to study the deblocking
reaction of blocked isocyanates as this tool directly measures
the regeneration of the –NCO functional group and the disap-
pearance of the carbonyl group of the blocked –NCO group. All
the blocked polyisocyanates were subjected to FT-IR analyses
under dynamic condition for the purpose of assessment of
deblocking temperatures. The spectra recorded from room
temperature to 170 �C for a typical N-methylaniline-blocked
polyisocyanate are given in Fig. 5, in which some spectra have
RSC Adv., 2017, 7, 34149–34159 | 34153
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Fig. 4 Second-order kinetic plots of blocking reaction of poly-
isocyanate with N-methylaniline.

Fig. 5 FT-IR spectra of N-methylaniline-blocked polyisocyanate
recorded at (a) different temperatures (b) zoomed range of isocyanate
absorption region.
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been removed for the sake of clarity and the minimum
deblocking temperature determined from these spectra are
given in Table 3.

The ease with which a blocked isocyanate will dissociate into
isocyanate and the blocking agent depend upon the magnitude
of charge separation between the carbonyl carbon of isocyanate
moiety and the nitrogen atom of the blocking agent (Fig. 6).
Thus, electron-donating substituents in the blocking agent will
strengthen the labile bond and electron-withdrawing substitu-
ents in the blocking agent will weaken the bond, resulting in
a low deblocking temperature. In accordance with this argu-
ment, the deblocking temperature obtained was consistent with
the electronic effects, i.e., the blocking agent with electron-
releasing substituents, like methyl and methoxy groups,
deblock at higher temperatures whereas the blocking agent
with electron-withdrawing substituents, like chlorine and ester
groups, deblock at lower temperatures compared to N-methyl-
aniline (Table 3). The high deblocking temperature of 2-chloro-
N-methylaniline need explanation and this is given in the
forthcoming section.

Deblocking kinetics (a comparison with the blocking reaction)

Deblocking kinetics of each N-methylaniline-blocked poly-
isocyanate was carried out substantially above its deblocking
Table 2 Second-order rate constants and activation parameters for blo

Compd no. Blocking agents

Second order rate cons
(mol�1 min�1)

30 �C 40 �C 50 �C

2 N-Methylaniline 5.74 10.21
3 N-Methyl-o-toluidine 0.92 2.03
4 N-Methyl-o-anisidine 3.75 6.43 9.08
5 2-Chloro N-methylaniline 0.05 0.19
6 4-Chloro N-methylaniline 3.09 7.43 9.76
7 Methyl 4-(methylamino)benzoate 0.53

34154 | RSC Adv., 2017, 7, 34149–34159
temperature using a hot stage FT-IR spectrophotometer. Three
changes were observed in the FT-IR spectra recorded for
different time intervals. The rst change observed was an
increase in the intensity of the –NCO absorption at 2270 cm�1

with respect to time, and then it becomes constant for some
time, aer which it decreased slowly due to the reaction
between regenerated isocyanate and the –NH group of
cking reactions of polyisocyanates with N-methylaniline

tant k � 102

Ea
(kJ mol�1)

DH#

(kJ mol�1)
DG#

(kJ mol�1)
DS#

(J K�1 mol�1)60 �C 70 �C

17.38 56.22 53.53 135.7 �254.7
5.19 74.73 72.04 158.5 �267.8

35.99 33.31 117.2 �259.9
0.46 95.48 92.8 185.6 �287.2

52.26 49.58 131.6 �255.0
1.54 1.83 147.7 144.6 234.6 �278.8

This journal is © The Royal Society of Chemistry 2017
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Table 3 Deblocking temperatures of N-methylaniline-blocked poly-
isocyanates determined using hot-stage FT-IR spectrophotometer

Compd no. Blocking agents
Deblocking temp.
(�C)

2 N-Methylaniline 115
3 N-Methyl-o-toluidine 130
4 N-Methyl-o-anisidine 140
5 2-Chloro N-methylaniline 125
6 4-Chloro N-methylaniline 110
7 Methyl 4-(methylamino)benzoate 105

Fig. 6 Polarised structure of N-methylaniline-blocked
polyisocyanate.
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remaining urethane moieties leading to the formation of allo-
phanate groups. The second change observed was due to the
absorption by the urea carbonyl at 1732 cm�1 that was
decreased due to the cleavage of blocked isocyanate groups.
This change was convenient to follow only in the case of
uncatalysed, 2-methyl, 2-methoxy and 4-chloro substituted N-
methylaniline-blocked isocyanates. In the case of 2-chloro-N-
methylaniline-blocked isocyanate, the urea carbonyl was not
Fig. 7 FT-IR spectra recorded for different time intervals under isotherm
polyisocyanate: (a) 110 �C, (b) 120 �C, (c) 130 �C and (d) 140 �C.

This journal is © The Royal Society of Chemistry 2017
well separated from the urethane carbonyl and in the case of N-
methylaniline with ester substituent the urea carbonyl was
merged with substituent's carbonyl group. The third change
observed was the decrease in absorption intensity of –N–H at
3300 cm�1 due to the cleavage of blocked isocyanate groups.
Here, the urethane and urea N–H groups present in the blocked
polyisocyanate absorb in the same region. Hence, the absorp-
tion peak of the –NCO group at 2270 cm�1 was conveniently
followed for deblocking kinetics as it absorbs strongly and
exclusively in that region. Typical FT-IR spectra recorded for
different time intervals at different temperatures for the
deblocking kinetic analysis are given in Fig. 7. The plots of
log a/(a � x) versus time for all the reactions were found to be
linear and conrm that the deblocking reaction of all the N-
methylaniline-blocked polyisocyanates follow rst order
kinetics. Typical example plots drawn for four different
temperatures are given in Fig. 8. The rst order rate constants
and activation parameters calculated for all the blocked poly-
isocyanates are given in Table 4.

Analysis of the rate constants (k) of all the deblocking reac-
tions studied clearly reveals that like in the blocking reactions,
both electronic and steric effects determine the rate of the
deblocking reaction and the results are consistent with the
deblocking temperatures. In contrast to blocking reactions, no
trend was observed between Ea and k values of deblocking
reactions. Effect of steric constrain on the dissociation of labile
bond present in the blocked isocyanate is able to realize only
when comparing the rate of N-methyl-o-anisidine blocked pol-
yisocyanate with that of N-methyl-o-toluidine blocked
al condition for the deblocking reaction of N-methylaniline-blocked

RSC Adv., 2017, 7, 34149–34159 | 34155
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Fig. 8 First-order kinetic plots of the deblocking reaction of N-
methylaniline-blocked polyisocyanate.
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polyisocyanate. The high negative entropy value indicates that
the deblocking occurs through the formation of rigid interme-
diate (Fig. 9). The formation of four membered rigid ring
structure through the association of urea hydrogen atom with
nitrogen atom of the blocking agent leading to auto-catalysis
has been already proven using variable temperature 1H-NMR
spectroscopy.23 According to the structure of the transition
state proposed in the Fig. 9, it is obvious that once such struc-
ture is formed, then the labile bond present between carbonyl
carbon and nitrogen of blocking agent become susceptible
against the nature of the substituent present in the blocking
agent and this is reected in the deblocking kinetic results. The
high deblocking temperature and low deblocking rate constant
Table 4 First-order rate constants and activation parameters for debloc

Compd no. Blocking agents

First order rate constant k � 102 (

100 �C 110 �C 120 �C 130 �C 1

2 N-Methylaniline 2.2 4.7 10.3 1
3 N-Methyl-o-toluidine 2.2
4 N-Methyl-o-anisidine 5.3
5 2-Chloro N-methylaniline 3.4 5.3
6 4-Chloro N-methylaniline 4.1 8.0 12.0 2
7 Methyl 4-(methylamino)

benzoate
2.6 5.8 9.7 15.2

Fig. 9 Transition state proposed for deblocking of N-methylaniline-blo

34156 | RSC Adv., 2017, 7, 34149–34159
of 2-chloro-N-methylaniline blocked polyisocyanate can be
explained based on the structure of transition state proposed in
the Fig. 9. While all the N-methylanilines form the four centered
transition state, the 2-chloro-N-methylaniline blocked isocya-
nate will form ve membered ring structure through the asso-
ciation of urea hydrogen with chlorine substituent of the
blocking agent. Thus, the autocatalytic activity of the blocking
agent moiety is suppressed here and for the same reason, the
labile bond will not be susceptible against the chlorine
substituent. Hence, this blocking agent cleaves at relatively high
temperature with slow rate compared to the expectation.
Double Arrhenius plots of thermally reversible blocking and
deblocking reactions of amine-blocked polyisocyanates

Construction of double Arrhenius plots for thermally reversible
blocking and deblocking reaction of a blocked isocyanate in
a temperature range on which both the reaction proceed at
a maximum rate is indeed a novel idea because such plots will
pave the way for an insight into equilibrium state of the reac-
tion. Very recently, we reported the outcome of such attempt for
a variety of phenol-blocked polyisocyanates.1 Compared to
phenols, N-methylanilines are functional group wise different
and are recognized as blocking agents owing to their autocat-
alytic activity which could not be expected from phenolic-type
blocking agents. The double Arrhenius plots of all the ther-
mally reversible reactions studied in this work are shown in
Fig. 10a–f and the data such as equilibrium temperature and
equilibrium rate constants obtained from the plots are given in
Table 5. It is very surprising to observe that all the Arrhenius
plots of blocking and deblocking reactions of the present study
found intersect each other, as a result, all the reactions showed
their equilibrium temperature as a single value. This
king reactions of N-methylaniline-blocked-polyisocyanates

min�1)
Ea
(kJ mol�1)

DH#

(kJ mol�1)
DG#
(kJ mol�1)

DS#

(J K�1 mol�1)40 �C 150 �C 160 �C

6.6 89.95 86.6 173.7 �216.2
3.6 5 6.2 51.74 48.38 140.6 �228.9
9.3 13.2 19.6 61.61 58.25 106.9 �221.7
9.3 13.6 127.5 124.1 205.6 �202.5
3.4 106.3 102.9 189.5 �214.9

73.06 69.71 155.5 �213.0

cked isocyanate.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Double Arrhenius plots of the forward and reverse reactions of amine-blocked polyisocyanates. Blocking agent: (a) N-methylaniline, (b)
N-methyl-o-toluidine, (c) N-methyl-o-anisidine, (d) 2-chloro N-methylaniline, (e) 4-chloro N-methylaniline and (f) methyl 4-(methylamino)
benzoate.
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observation is interesting and new compared to phenol-blocked
polyisocyanates, where among the nine mono substituted
phenols studied, none of them showed distinct equilibrium
temperature, instead of that all the reactions showed this
temperature as a range, thereby we reported the most probable
equilibrium temperature for phenol-blocked polyisocyanates.
The trend observed in the equilibrium temperature given in the
This journal is © The Royal Society of Chemistry 2017
Table 5 is in agreement with the electronic effect of the
substituents and the secondary bond force present in a blocking
agent discussed for the deblocking temperature and deblocking
kinetics. In principle, below or above this equilibrium temper-
ature only the forward or reverse reaction respectively will take
place. Based on the equilibrium temperatures of blocked poly-
isocyanates, a temperature range for their production and
RSC Adv., 2017, 7, 34149–34159 | 34157
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Table 5 Thermal equilibrium data of N-methylaniline-blocked poly-
isocyanates determined from the double Arrhenius plots of forward
and reverse reactions

Compd
no. Blocking agents

Equilibrium
temperature
for forward and
reverse reaction (�C)

Equilibrium
rate constant
k � 102

2 N-Methylaniline 98 1.01
3 N-Methyl-o-toluidine 111 1.09
4 N-Methyl-o-anisidine 102 1.60
5 2-Chloro

N-methylaniline
100 0.97

6 4-Chloro
N-methylaniline

87 0.75

7 Methyl
4-(methylamino)
benzoate

87 1.15
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a temperature range for their application can be suggested, thus
this parameter in general is industrially important for blocked
polyisocyanates concerned. As for as equilibrium rate constants
concerned, this parameter could not be related to each other,
because the equilibrium temperature is different for different
reaction.

To authenticate the double Arrhenius plots and the virtually
single equilibrium temperature obtained thereof, the disap-
pearance of carbonyl absorption was followed (Fig. 11) to
Fig. 11 FT-IR spectra recorded for different time intervals under isother
polyisocyanate: (a) 110 �C, (b) 120 �C, (c) 130 �C and (d) 140 �C.

34158 | RSC Adv., 2017, 7, 34149–34159
calculate the kinetic parameters and these kinetic data were
used for the construction of Arrhenius plots for all the reactions
except the reaction involved 2-chloro- and methyl ester
substituted N-methylanilines. The advantage of following the
disappearance of carbonyl peak is that all the concentration
terms appearing in the rate equation could be obtained from
the same spectrum and this will give more accurate results. The
pattern of the double Arrhenius plots and the equilibrium
temperature obtained by this method were found absolutely
similar to that obtained following regeneration of isocyanate
peak for kinetic analysis. Thus, this method can be considered
as authentic and direct determination of equilibrium temper-
ature for thermally reversible reactions.

Conclusion

Blocked polyisocyanates are main raw material used to produce
a variety of heat curable polyurethane products. In this article
we report synthesis and forward and reverse reaction parame-
ters generated under identical neat experimental conditions for
a series of N-methylaniline-blocked polyisocyanates. Using the
forward and reverse reaction rate constants, double Arrhenius
plots were constructed and equilibrium temperatures and
equilibrium rate constants were determined directly from the
plots. This method of determination of equilibrium tempera-
ture in general, can be applied for any thermally reversible
reaction. Equilibrium temperature reported in this article is an
important parameter in view of the production of blocked
mal condition for the deblocking reaction of N-methylaniline-blocked

This journal is © The Royal Society of Chemistry 2017
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isocyanates and this temperature in combination with
deblocking temperature of a blocked polyisocyanate is impor-
tant in view of its application.
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