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py study on N,N0-bismaleimide-
4,4 -diphenylmethane and barbituric acid synthesis
reaction mechanism in N,N0-dimethylformamide
solvent

Yuan-Chun Wen,a Yuan-Chun Sue,a Shan-Yuan Yang,a Jing-Pin Pan,b

Tsung-Hsiung Wangb and Hsi-Wei Jia*ac

Thermal runaway is a potential risk when using Li-ion batteries. A self-terminated oligomer with hyper-

branched architecture (STOBA) has been demonstrated to be the most effective electrolyte safety

additive for Li-ion batteries. Understanding the STOBA formation mechanism will contribute to

improving such safety additives. Nuclear magnetic resonance (NMR) technology enables the molecular-

level spectroscopic investigation of the STOBA synthesis reaction of N,N0-bismaleimide-4,40-
diphenylmethane (MDA-BMI) and barbituric acid (BTA) in solvent N,N-dimethylformamide (DMF) at

90 �C. In this study, the STOBA synthesis reaction was studied through a series of in situ NMR

experiments at different elapsed times, and the experiments were repeated at different reactant ratios to

confirm the reaction mechanisms. The quantitative NMR results revealed that the Michael addition

reaction between MDA-BMI and BTA is the dominant mechanism. The Knoevenagel condensation

reaction between BTA molecules and the thermal radical polymerization reaction among BMI molecules

are minor mechanisms, and their contributions can be ignored. The products of the STOBA synthesis

reaction were found to depend on factors such as the solvent, reactant type, concentration, reaction

temperature, reaction time, stir rate, and order of addition.
Introduction

Ever since Sony and Asahi Kasei released the rst commercial
Li-ion batteries in 1991,1 they have been widely used for elec-
tricity storage in several applications, such as low-power elec-
tronics and high-power dynamic vehicles. However, one of the
problems associated with Li-ion batteries is the risk of thermal
runaway. The thermal runaway process of a fully-charged Li-ion
battery is rapid and releases a large amount of energy, which
can potentially be catastrophic. To prevent Li-ion batteries from
thermal runaway, the international standard and qualication
for battery safety has designed three levels of protection:
external electronic circuit design, internal and external
mechanic design, and internal material design. Slow needle
penetration tests have revealed that the temperature elevation
rate in the interior of a fully-charged LiCoO2 ion cell can reach
from ambient temperature up to 690 �C within 3 seconds. The
critical temperature for Li-ion battery is approximately 150 �C.
stian University, Chung-Li 32023, Taiwan

tories, Industrial Technology Research

ation, Chung Yuan Christian University,

hemistry 2017
Beyond this temperature, some of the electrolyte solvents might
explode to form gases, which in turn react with oxygen to cause
thermal runaway. Therefore, the internal material design is the
optimum Li-ion battery safety mechanism. Self-terminated
oligomer with hyper-branched architecture (STOBA), designed
by Jing-Pin Pan at Industrial Technology Research Institute,
Taiwan, is a type of secondary structure polymer whose free
volume and pore sizes are thermally responsive. Positron
annihilation lifetime spectroscopy of STOBA has indicated that
beyond 150 �C, the molecular structure reorientation causes the
free volume within STOBA cages to reduce rapidly, consequently
stopping Li-ions from moving. Therefore, STOBA won the R&D
100 Awards in 2009 for its utility as the safety electrolyte additive
for dynamic Li-ion batteries. For the reactant N,N0-bismalei-
mide-4,40-diphenylmethane (MDA-BMI), studies on the self-
polymerization of thermal polymerization and radical poly-
merization2 and polymerized with diamine, polyamine, ethyl
alcohol, and diphenol have been reported.2–11 Studies on the
reactant barbituric acid (BTA) molecule have focused on the
resonance structures of its electron density distribution calcu-
lations and tautomerization properties.12–18 Polymerizing BMI
with ethylenediamine7,19 might misguide that the acidity and
therefore the active sites of BTA are the amide nitrogen atoms
rather than the b-dicarbonyl a-methylene carbon.20–31 Many
RSC Adv., 2017, 7, 651–661 | 651
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studies have attempted to optimize the performance of STOBA.
Chern (2011),29 Pham (2013),30 and Yu (2014),31 have attempted
to understand the hyperbranched polymer of STOBA through
macroscopic observations and measurements. In this study—
unlike previous studies, which used image-based nanotech-
nologies or macroscopic measurements to explain the physical
properties of STOBA, we used the nuclear magnetic resonance
(NMR) spectroscopy as the analytical technology to conduct an
in situ dynamic study and perform equilibrium thermodynamic
measurements of the STOBA synthesis reaction. We investi-
gated the active sites of the reactants and reaction mechanisms
during the STOBA synthesis process as well as factors such as
the solvent, reactant type, ratio, concentration, reaction
temperature, reaction time, and order of addition on a molec-
ular level. The STOBA synthesis reaction was demonstrated to
undergo mainly the Michael addition2,32–36 mechanism, funda-
mentally a 2 + 2 stepwise polymerization. Unlike typical 2 + 2
chain propagation polymerizations that form long wound-up
chains, the Michael addition 2 + 2 stepwise polymerization of
STOBA synthesis has the BTA as initiators which exist all around
the reaction locations. Therefore, the stepwise polymerization
may start from the activated BTA a-methylene carbons every-
where in the solution. The stepwise propagation prole is
modied by the central R group of the BMI structure, which has
the formula maleimide-R-maleimide. The R group of the MDA-
BMI causes the formation of a primary structure with a diam-
eter of approximately 2–10 nm (i.e., the self-terminating prop-
erty). The alternative hydrogen bond characters of BTA on the
primary structure aggregates them to form the secondary
structure with a diameter of approximately 40–60 nm (i.e., the
oligomer property). This is the origin of STOBA. Moreover, our
NMR experiments revealed that under different conditions of—
for example, temperature and solvent—the radical polymeriza-
tion might overcome the Michael addition reported in the
literature.2 New-generation STOBA products are expected to
benet from the ndings of this study.
Experimental section

NMR spectroscopy technology was used in the STOBA synthesis
reaction mechanism study. NMR spectroscopic technology is
capable of simultaneously monitoring molecular-level interac-
tions, which facilitates the study of the microscopic reaction
mechanism, as well as ensemble physical observations, which
provide precise macroscopic investigation. Depending on the
requirements, 400 or 800 MHz NMR were used. Multinuclear
one-dimensional, two-dimensional through-bond connectivity,
one-dimensional through-space spatial relationship, and
diffusion coefficient experiments were performed for the qual-
itative and quantitative analysis of the mixture products. Thus,
NMR spectroscopy provided dynamic and thermodynamic
information in this study.
Fig. 1 STOBA synthesis reaction of MDA-BMI and BTA in solvent DMF.
Materials

All chemicals used in this study, including 4,40-bismaleimidodi-
phenylmethane (MDA-BMI, $95%, Aldrich), N-phenylmaleimide
652 | RSC Adv., 2017, 7, 651–661
(PMI, $95%, Aldrich), barbituric acid (BTA, $95%, Hakuei), 1,3-
dimethylbarbituric acid (1,3-DMBTA, $95%, Aldrich), 5,5-dime-
thylbarbituric acid (5,5-DMBTA, $95%, Aldrich), N,N-dime-
thylformamide (DMF,$99.5%, Showa), and azobisisobutyronitrile
(AIBN, $95%, Aldrich), were purchased and used without further
treatment. Deuterated DMF (DMF-d7) was purchased from Merck
company with purity $99.5%.
Methods

The STOBA polymer synthesis diagram is presented in Fig. 1.
The total reactant concentration is 7.5 wt% and the molar ratio
of MDA-BMI to BTA is 1 : 1. For simplicity, throughout this
paper, the reactant molar ratio value is written immediately
aer the reactant name as an index. For example, the afore-
mentioned reaction is denoted as the 7.5 wt% MDA-BMI(1)
BTA(1) reaction. The reaction temperature was kept at 90 �C,
and the reaction time lasted 5–9 hours. DMF was used as the
solvent. All reaction experiments were performed in sealed
NMR tubes to avoid environmental interference.

STOBA is an umbrella term for all polymer products
synthesized by two types of reactants, bismaleimide (BMI) and
BTA, with functional hyperbranched characters. BMI provides
the mainframe structure of STOBA, whereas BTA offers multiple
functional groups to modify both the chemical and physical
properties of the polymer. Basic solvents, such as g-butyr-
olactone (GBL), N-methyl-2-pyrrolidone (NMP), and DMF, are
used in STOBA synthesis. The choice of solvent was found to be
crucial to the reaction mechanism determinations and conse-
quently to the STOBA product properties.30 In this study, the
medium strong basic DMF was used as the solvent to stabilize
the initiators, BTA anions. A bifunctional BMI molecule has the
general formula of maleimide-R-maleimide, where R represents
a substituent fragment acting as a linker. The reaction sites of
BMI are at both ends of maleimide C]C double bonds. For use
as a Li-ion battery electrolyte safety additive, the chosen MDA-
BMI molecule has the R group as the –C6H4–CH2–C6H4– frag-
ment. The two phenyl ring-like structures of the R group are the
rigid parts that sustain the STOBA pore sizes, keeping them
adequately large for the passing of solvated Li-ion atmospheres.
The sp3-hybrided methylene carbon of the R group provides
structural exibility of MDA-BMI so that the primary STOBA
structure is exible. Unlike other bifunctional molecules, such
as diamine, diol, diphenol, diallyl, and allylamine, used to form
polymers with BMI, the BTA molecule has alternative hydrogen
bond characters in addition to the two reactive a-methylene
protons. Therefore, BTA's alternative multiple amide functional
groups (the hydrogen bond donor, HBD) and carbonyl groups
(the hydrogen bond acceptor, HBA) can create the hyper-
branched characters of the STOBA. Because MDA-BMI and BTA
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Molecular structures and labels of (a) MDA-BMI, (b) PMI, (c)
BTA, (d) 1,3-DMBTA, (e) 5,5-DMBTA, (f) DMF and (g) AIBN for the
investigation of STOBA synthesis mechanisms.
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have their own self-reaction capabilities in DMF, the STOBA
synthesis reaction is a process with several competing reaction
mechanisms. According to the literature,2,7 the mechanisms of
MDA-BMI and BTA polymer synthesis might involve theMichael
addition between MDA-BMI and BTA, BMI self-polymerization,
ring-opening aminolysis reaction between MDA-BMI and BTA,
and BTA Knoevenagel condensation.37

Each molecule has its unique multinuclear NMR spectral
patterns, including signal chemical shi location, signal split-
ting format, and signal intensity. The 1H spectral patterns are
quantitatively additive. When the constituent molecules are
mixed at different ratios and a reaction does not occur, the
resultant spectrum is the sum combination of the constituent
spectra. It implies that we can inspect the chemical reactivity by
quantitatively comparing the difference between the product
spectrum and the spectrum of the sum of the constituent
reactants. The NMR analysis of the STOBA synthesis reaction is
based on the spectral pattern recognition and quantitative
signal intensity variation. Therefore, by comparing the reac-
tants' additive spectrum with their product spectrum, we can
nd the active sites of reactants, obtain the reactivity between
reactants, and deduce the mechanisms involved in the reaction.

In this study, the NMR analyses were practically performed
as follows. First, we acquired the 1H spectra of MDA-BMI and
BTA, and compared the unreacted additive spectrum of MDA-
BMI and BTA with the STOBA spectrum. Spectral differences
are thus caused by the chemical reaction involved. Second,
through in situ recordings of the STOBA synthesis results for
a series of consecutive time periods, we obtained the signal
intensity variation information and deduce the dynamic
competition extent among various reaction mechanisms during
time evolution. Third, self-reactions of MDA-BMI and BTA were
also performed to determine their possible contribution in the
STOBA synthesis reaction. Fourth, by changing the order of
addition of the reactants and observing the reactant signal
consumption variation, we deduced the reactant that initiates
the STOBA synthesis reaction. Fih, to avoid signal-line
broadening and overlapping while maintaining the same reac-
tion mechanisms, the model experiments of reactants BTA, 1,3-
DMBTA, 5,5-DMBTA reacting with model compound, PMI, were
used to mimic the STOBA synthesis reaction and enhance the
spectral resolution. Because the model experiment products
were no longer polymers, the 1H and 13C signal assignments of
product molecules and the mechanisms deduced by model
experiments were more accurate. The 1H and 13C spectra of
STOBA and model experiments were compared. The spectral
accordance between STOBA and model products conrms that
both method undergo the same reaction mechanism. At this
point, in principle, the dominant reaction mechanism of
STOBA synthesis reaction can thus be deduced. However,
instead of directly solving the signals of all model experiment
products, we performed additional model experiments at
different reactant molar ratios to obtain more evidence for the
product signal assignments and conrmation the deduced
chemical mechanism. Moreover, some of the model product
signal intensities were changed when the model products were
stored at room temperature for 8 months. We took this enol-to-
This journal is © The Royal Society of Chemistry 2017
keto tautomerization phenomenon into advantage usage to
differentiate the enol form product from the keto form product.
This facilitates the 1H and 13C assignment analysis of model
products. Finally, by performing a series of homo- and hetero-
nuclear two-dimensional through-bond connectivity pulse
sequence experiments, all model product signal assignments
were identied and the STOBA synthesis reaction underwent
mainly the Michael addition mechanism was conrmed.

Results and discussion

Scheme 1 presents the molecular structures and labels of (a)
MDA-BMI, (b) PMI, (c) BTA, (d) 1,3-DMBTA, (e) 5,5-DMBTA, and
(f) DMF for the reaction mechanisms investigation in STOBA
synthesis reaction. From the NMR investigation of the chemical
shi movements and the signal intensity variations, we can
conrm the consumed reactant's active sites and the product
signals of STOBA synthesis. This information helps in deducing
the reaction mechanisms involved.

Fig. 2(a)–(d) show the 800 MHz 1H stacked spectra of MDA-
BMI, BTA, additive spectrum of MDA-BMI and BTA, and 7.5
wt% MDA-BMI(1)BTA(1) in DMF-d7 at 90 �C for 9 hours,
respectively. All starting materials and thereaer products
signal assignments were determined through multinuclear one-
dimensional 1H and 13C spectra, through-bond two-
dimensional correlated spectroscopy (COSY), 1H–15N and
1H–13C edited heteronuclear single-quantum spectroscopy
(edited HSQC), and heteronuclear multiple-bond spectroscopy
(HMBC), and through-space nuclear Overhauser spectroscopy
(NOESY) NMR experiments. In case of ambiguity, the through-
space one-dimensional excitation sculpting nuclear Over-
hauser effect experiment was used to conrm the ndings.
Spectral differences in Fig. 2(c) and (d) must therefore arise
from the reaction of STOBA synthesis. We focused on both the
dynamic and thermodynamic studies. Fig. 3 shows the in situ
time evolution recordings of 1H spectra during the STOBA
synthesis process. All the signal variations, irrespective of being
from chemical shi positions or integration changes, were the
results of competition mechanisms of self-reactions of two
reactants and their interactions. The amide protons of BTA are
widely considered to be the acidic and active sites. However, we
found that the signal integration sum of BTA's amide protons in
RSC Adv., 2017, 7, 651–661 | 653
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Fig. 2 800 MHz full range 1H spectra of (a) MDA-BMI in DMF-d7, (b)
BTA in DMF-d7, (c) additive spectral sum of (a) + (b), and (d) 7.5 wt%
MDA-BMI(1)BTA(1) in DMF-d7 at 90 �C for 9 hours.

Fig. 3 In situ full range 400 MHz 1H spectra of reaction of MDA-BMI(1)
and BTA(1) in DMF-d7 at 90 �C for reaction time of (a) 0, (b) 60, (c) 110,
(d) 200, (e) 290, (f) 380, (g) 470, (h) 560, and (i) 650 minutes. The
reaction species was put into a sealed NMR tube, placed in a 9.4 tesla
superconducting magnet, and then maintained at a constant
temperature of 90 �C. The digits on the aforementioned peaks are the
relative integration values.
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the chemical shi range of 10–12 ppm remained approximately
the same irrespective of the reaction time. Moreover, the two-
dimensional through-bond 1H–15N heteronuclear single
quantum coherence (HSQC) spectrum of STOBA showed that all
nitrogen signals have their own cross peaks with protons. The
result revealed that no amide protons were consumed during
the STOBA synthesis reaction. By contrast, the signal integra-
tion of a-methylene protons (�3.6 ppm) of BTA decreased
gradually with time, whereas the C]C proton signal (�7.17
ppm) intensity of MDA-BMI was decreased and the methylene
proton signal (�4.10 ppm) intensity of MDA-BMI was
unchanged. Therefore, we concluded that the active sites of the
BTA and MDA-BMI in STOBA synthesis are the a-methylene
carbon and the C]C carbon, respectively. These newly gener-
ated amide proton signals with different 1H and 15N chemical
shis from the unused BTA molecule were derived from the
STOBA products. Because of the highly delocalized electronic
density character of BTA, when the a-methylene carbon of BTA
interacted with the C]C double bond of MDA-BMI, the 1H and
654 | RSC Adv., 2017, 7, 651–661
15N signals shied. This conclusion applies to most barbiturate
drugs whose a-methylene protons are substituted by some other
functional groups and the amide protons are retained.
Furthermore, activity comparison experiments for BTA's a-
methylene and amide protons were performed. The experi-
mental results of 1,3-DMBTA and 5,5-DMBTA interacting with
PMI in solvent DMF at 90 �C showed that the consumption
amount of a-methylene protons of 1,3-DMBTA is approximately
three times faster than that of the amino protons of 5,5-DMBTA
(Table 1). In Table 1, the consumption ratios of 1,3-DMBTA and
5,5-DMBTA in 7.5 wt% PMI + 1,3-DMBTA in DMF-d7 at 90 �C
and 7.5 wt% PMI + 5,5-DMBTA in DMF-d7 at 90 �C with elapsed
time of 0, 10, 20, 30, 40, 50, 60, and 300 minutes, respectively,
are displayed based on the integration values of No. 5 signal in
1,3-DMBTA and No. 1, 3 signal in 5,5-DMBTA, respectively.
Here, column 1 (from le to right) shows the elapsed time. We
toke the inert aldehyde proton of DMF-d7 at 8.04 ppm as the
referenced integration value of 1.00 in the second column. The
third and forth columns show the a-methylene proton (labeled
as No. 5) integration of 1,3-DMBTA and the amide –C(O)NH
proton (labeled as No. 1 and 3) integration of 5,5-DMBTA,
respectively. The h column represents the consumption
ratios (in units of %) of the active protons of 1,3-DMBTA and
5,5-DMBTA relative to their fresh prepared samples (i.e. elapsed
time of 0 minute), respectively. For example, at reaction time of
10 minutes, the consumption ratio of No. 5 of 1,3-DMBTA is
(7.31 � 6.43)/7.31 y 11.98%. The consumption ratio of No. 5 of
1,3-DMBTA at elapsed time of 30 minute is (7.31 � 6.15)/7.31y
15.84%. According to Table 1, it indicates that the a-methylene
protons should be the acidic sources and the nucleophilic active
sites of BTA when interacting with MDA-BMI in solvent DMF.
Experimental results revealed that increasing the solvent
basicity will stabilize the free radical of MDA-BMI and conse-
quently enhance the thermal polymerization of MDA-BMI.26

Therefore, the STOBA synthesis results are highly solvent-
dependent. We used the medium strong basic DMF as the
solvent in the STOBA synthesis experiment to enhance the
nucleophilicity of the BTA's a-methylene carbon site while
maintaining the electrophilicity of MDA-BMI's C]C carbon
sites.

The self-reaction contributions of MDA-BMI and BTA in the
STOBA synthesis were justied by their reaction results under
the same experimental procedure as the STOBA synthesis. The
radical initiator AIBN was added to react with the MDA-BMI and
its spectrum (Fig. 4(a)) was compared with that of MDA-BMI
thermal polymerization (Fig. 4(b)). From the consistence of
these two spectra, we conrmed that the self-reaction of MDA-
BMI undergoes thermal radical polymerization. Fig. 4(b)–(d)
show the radical-initiated MDA-BMI polymerization at 90 �C for
5 hours, self-reaction results of 20 wt% MDA-BMI at 130 �C for
24 hours, 7.5 wt%MDA-BMI at 90 �C for 5 hours, 7.5 wt% PMI at
90 �C for 5 hours, and Fig. 4(e) shows 2.08 wt% BTA in DMF-d7
at 90 �C for 5 hours, respectively. According to signal variations
of C]C proton signal, the three relative consumption ratios of
Fig. 4(b)–(d) were approximately 13.3%, 0.7%, 0.1%. On the
other hand, the spectrum of 2.08 wt% BTA self-reaction in DMF-
d7 at 90 �C for 5 hours shows a consumption ratio of 10.0%.
This journal is © The Royal Society of Chemistry 2017
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Table 1 1H signal consumption ratios of 1,3-DMBTA and 5,5-DMBTA for test experiments of 7.5 wt% PMI + 1,3-DMBTA and 7.5 wt% PMI + 5,5-
DMBTA in DMF at 90 �C with elapsed time of 0, 10, 20, 30, 40, 50, 60, and 300 minutes, respectively

7.5 wt% PMI 1,3-DMBTA in
DMF at 90 �C (min) DMF (8.04 ppm)

C]C protons of
PMI (7.03–7.10 ppm)

No. 5 proton of
1,3-DMBTA (3.72–3.78 ppm)

Consumption ratio
(%) of 1,3-DMBTA

0 1 7.63 7.32
10 1 6.29 6.44 11.98
20 1 5.76 6.40 12.54
30 1 5.13 6.16 15.84
40 1 4.49 5.53 24.46
50 1 3.95 5.22 28.59
60 1 3.54 4.99 31.70
300 1 0.25 2.85 61.01

7.5 wt% PMI 5,5-DMBTA in
DMF at 90 �C (min) DMF (8.04 ppm)

C]C protons of
PMI (7.03–7.10 ppm)

No. 1, 3 protons
of 5,5-DMBTA (10.3–11 ppm)

Consumption ratio
(%) of 5,5-DMBTA

0 1 8.36 7.16
10 1 7.42 6.73 5.97
20 1 7.22 6.70 6.40
30 1 6.90 6.66 6.96
40 1 6.45 6.58 8.05
50 1 6.32 6.52 8.85
60 1 6.18 6.36 11.13
300 1 4.52 5.75 19.65

Fig. 4 1H spectra of (a) AIBN added MDA-BMI radical polymerization,
(b) 20wt%MDA-BMI at 130 �C for 24 hour signals with two asterisks on
it is the methylene protons of MDA-BMI s, (c) 7.5 wt% MDA-BMI at
90 �C for 5 hours, (d) 7.5 wt% PMI at 90 �C for 5 hours, and (e) 2.08 wt%
BTA in DMF-d7 at 90 �C for 5 hours. Signals with an asterisk on it come
from the BAT self-reaction product produced by the Knoevenagel
condensation mechanism.
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Fig. 4(b) indicates that the thermal polymerization of MDA-BMI
happened at C]C sites and produced two hump signals
centered at chemical shis of approximately 4.1 and 7.6 ppm. A
comparison between Fig. 4(b) and (c) reveals that the self-
reaction thermal polymerization of MDA-BMI is related to
concentration, reaction temperature, and reaction time.
This journal is © The Royal Society of Chemistry 2017
Fig. 4(c) and (d) imply that 7.5 wt% MDA-BMI and PMI self-
reactions effects are insignicant in the STOBA synthesis reac-
tion. Moreover, the unchanged signal integration of methylene
protons of MDA-BMI in Fig. 4(c) conrms the inactivity of the
middle methylene protons of MDA-BMI. Furthermore,
a comparison between Fig. 4(c) and (e) indicates that the BTA
self-reaction rate is considerably faster than that of MDA-BMI in
the STOBA synthesis. A detailed product analysis of BTA's self-
reaction showed that the main signals produced by the BTA
self-reaction were from the Knoevenagel condensation mecha-
nism and the three major 1H signals were located in approxi-
mately 13.1, 10.1, and 6.9 ppm. However, an inspection of
STOBA spectrum (Fig. 2(d)) revealed that the BTA self-
interaction in DMF did not contribute to the STOBA synthesis
reaction. Therefore, Fig. 4 implies that the self reactions of both
MDA-BMI and BTA is not the dominant mechanism for the
STOBA synthesis reaction.

To conrm which reactant is the initiator and simulta-
neously to evaluate the relative reaction rates of mechanisms,
experiments in different orders of addition of the reactants were
performed. Fig. 5 shows the 800 MHz 1H stacked spectra of 7.5
wt% BMI(1) and BTA(1) in DMF at 90 �C for 9 hours with adding
orders of (a) MDA-BMI added rst, (b) BTA added rst, and (c)
MDA-BMI and BTA being added simultaneously. The rst added
reactant was warmed to the desired temperature of 90 �C in
DMF, following which the other reactant was added. The
absence of signal-line broadening in Fig. 5(a) indicates the
absence of an appreciable self-reaction among MDA-BMI
molecules when MDA-BMI molecules were warmed to 90 �C in
DMF. Although MDA-BMI molecules were warmed rst, the
reaction did not occur until BTA molecules were added.
Therefore, we presume that the MDA-BMI molecules were not
RSC Adv., 2017, 7, 651–661 | 655
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Fig. 5 800 MHz 1H spectra of 7.5 wt% BMI(1) and BTA(1) in DMF at
90 �C lasting for 9 hours with different adding order: (a) BTA added to
90 �C MDA-BMI in DMF. The peak with an asterisk on it is the amide
proton signal of unused BTA; the peak with two asterisks on it is the
C]C proton signal of unused MDA-BMI, (b) MDA-BMI added to 90 �C
BTA in DMF, (c) one-pot reaction where MDA-BMI and BTA were
added simultaneously and then heated.

Fig. 6 800 MHz 1H spectral assignments of (a) model experiment of
7.5 wt% PMI(1)BTA(1) in DMF-d7 at 90 �C for 5 hours, (b) STOBA
experiment of 7.5 wt% BMI(1)BTA(1) in DMF-d7 at 90 �C for 5 hours.
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the initiators in the STOBA synthesis reaction. By contrast, as
shown in Fig. 5(b), the BTAmolecules were rst warmed to 90 �C
in DMF, and the STOBA reaction began when MDA-BMI mole-
cule were added. The BTA molecules were thus demonstrated to
be the initiators for the STOBA polymerization reaction. More-
over, some newly generated signals appeared in addition to the
STOBA signals. It indicates that the BTA self-reaction happened
when BTA molecules were warmed to 90 �C in DMF. Therefore,
the self-reaction rate of BTA is faster than that of MDA-BMI.
Because BTA initiated the STOBA synthesis reaction as the
nucleophile to react with MDA-BMI molecules, the nucleophile
BTA interacting with the electrophilic conjugated C]C double
bond of MDA-BMI is supposed to undergo the Michael addition
mechanism. The STOBA polymerization reaction is thus clas-
sied as a stepwise Michael addition polymerization38 and BTA
is the initiator. The 1H spectral pattern consistence in Fig. 5(b)
with 5(c) indicates that the BTA Knoevenagel condensation self-
reaction is not efficient; therefore, the BTA self-reaction rate
must be considerably slower than that of the Michael addition
between MDA-BMI and BTA. Consequently, the relative rate in
the STOBA synthesis reaction is in the order of Michael addition
[ BTA Knoevenagel condensation self-reaction > MDA-BMI
self-polymerization.

To prevent the STOBA polymer products from line broad-
ening and simultaneously to facilitate the 1H and 13C signal
assignments, (PMI + BTA) model experiments were performed
instead, and ultrahigh magnetic eld (800 MHz NMR) were
used to disentangle the 1H and 13C assignments of the model
experiment products. Fig. 6(a) shows the model experimental
1H spectrum of 7.5 wt% PMI(1)BTA(1) in DMF-d7 at 90 �C for 5
hours, and Fig. 6(b) shows the corresponding spectrum of 7.5
wt% BMI(1)BTA(1) in DMF-d7 at 90 �C for 5 hours at 800 MHz
NMR. The consistence in the signal pattern of the model
experiment and STOBA spectra conrms that the reaction sites
and mechanisms in these two reactions were the same. In
656 | RSC Adv., 2017, 7, 651–661
addition to the higher spectral resolution of the model spec-
trum, there are two major differences between these two 1H
spectra; the signal intensity of the a-methylene protons of BTA
that are located at 3.65 ppm, and broad water signal produced
by the Knoevenagel condensation of BTA centered at 3.9 ppm.
Fig. 6(a) indicates that the BTA is bi-equivalent in the Michael
addition reaction. Therefore, for the PMI(1)BTA(1) model
experiment, the excessive BTA may undergo the Knoevenagel
condensation reaction to produce water or remained as unused
BTA. High-resolution 1H spectrum of the model experiment
indicates that the model products are monomers. Diffusion
coefficient results of diffusion-ordered spectroscopy (DOSY)
NMR experiments showed that the newly generated signals of
model experiment PMI(1)BTA(1) have mainly two types of
monomer products with diffusion values of 3.44 � 10�10 m2 s�1

and 3.13 � 10�10 m2 s�1, respectively. By contrast, the STOBA
polymer products (Fig. 6(b)) fail to obtain accurate diffusion
coefficients because of the large polymer weight. The mass
spectroscopy of PMI(1)BTA(1) products demonstrated that the
product weights of 300 and 473 are the dominate signals that
correspond to the molecular weights of BTA + PMI and BTA +
2PMI, respectively. Therefore, both BTA a-methylene protons
were conrmed to be active. The gel permeation chromatog-
raphy (GPC) results of STOBA polymers indicated an average
molecular weight of approximately 440 000 of the major
product. For the comparison of reaction rates of mechanisms
in the STOBA synthesis, the Knoevenagel condensation
was conrmed to be a minor mechanism through the trace
water signal generated. Furthermore, the broad hump at
4.1 ppm was absent because of the absence of an MDA-BMI
thermal polymerization reaction. Consequently, MDA-BMI
self-polymerization can be ignored. The fewer water signal
intensity in Fig. 6(b) than in 6(a) also supports that the Michael
addition has faster reactant rate than that of BTA Knoevenagel
condensation.

The same explanation is applicable for the 13C spectra of the
model experiment of 7.5 wt% PMI(1)BTA(1) in DMF-d7 at 90 �C
for 5 hours and the STOBA experiment of 7.5 wt% BMI(1)BTA(1)
in DMF-d7 at 90 �C for 5 hours, as shown in Fig. 7(a)–(d).

In principle, the a-methylene carbon and the two amino
nitrogens of BTA are possible nucleophilic sites to react with the
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 800 MHz 13C spectral assignments of (a) and (c) model
experiment of 7.5 wt% PMI(1)BTA(1) in DMF-d7 at 90 �C for 5 hours, (b)
and (d) STOBA experiment of 7.5 wt% BMI(1)BTA(1) in DMF-d7 at 90 �C
for 5 hours.

Scheme 2 Structures and labels of product molecules of model
experiment of 7.5 wt% PMI(1)BTA(1) in DMF at 90 �C: (a) C1N0K, (b)
C1N0E, (c) C2N0S, and (d) C2N0A.
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electrophilic C]C carbon of the PMI molecule. From the
model experiment product analysis to understand the Michael
addition mechanism in the STOBA synthesis reaction, we
adopted the following conventions for naming the monomer
model products. The number immediately aer the active sites
of BTA denotes the number of attached PMI molecule for the
model experiment monomer products. Thus, we call the model
product C1N0 if there is only one PMI molecule attached to the
BTA's a-methylene carbon site. If there are two PMI molecules
attached to the BTA's a-methylene carbon site, then the model
will be called C2N0. If the model product has the two PMI
molecules attached to the a-methylene carbon site and one
PMI attached to one of the two amino nitrogen sites of BTA, we
will name the product as C2N1. Same logic is also for the
naming of the possible products C2N2, C0N1, C0N2, C1N2,
and C1N1. In principle, there might be eight possible model
products. However, the two amino nitrogen sites were
demonstrated to be inert in the BTA synthesis reaction because
all nitrogen signals in 1H–15N HSQC spectrum have their
attached protons. Therefore, there are only two model prod-
ucts, that is, C1N0 and C2N0. Furthermore, a b-dicarbonyl
compound may undergo interstructure tautomerization
conversion to its enol form compound.12–18,39 The a-methylene
proton of C1N0 is prone to be stabilized by basic solvents to
form enolate anion and shows its nucleophilic capability to
further react with another PMI to form C2N0. Therefore, in this
study, C1N0 has two forms: C1N0K, which denotes the dicar-
bonyl keto form of C1N0, and C1N0E, which denotes the enol
form of C1N0. According to the molecular geometric
symmetric relationship of the two attached PMI molecules to
the molecular plane of BTA in C2N0, the C2N0 molecule can be
classied as C2N0S if the two PMI fragments are symmetric to
the plane of BTA, and C2N0A if the two PMI fragments are not
symmetric to the BTA plane. Because of the physical equiva-
lence of the two amide protons of C2N0A, only one signal
appeared for the amide protons of C2N0A. By contrast, the two
amino protons are not equivalent and their signals locate at
different chemical shi positions. Scheme 2 illustrates the
structures and labels of the four main product molecules in the
model experiment 7.5 wt% PMI(1)BTA(1) in DMF at 90 �C. One
This journal is © The Royal Society of Chemistry 2017
of the NMR advantages for mixture analysis is the use of DOSY
pulse sequence to determine the molecular mass difference
even though two molecules is different by a methylene group.40

These four molecules in Scheme 2 have been conrmed by the
DOSY experimental results. The diffusion values of C1N0K was
determined as 3.42 � 10�10 m2 s�1 which is similar to that of
C1N0E (3.45 � 10�10 m2 s�1); while the diffusion values of
C2N0A was determined as 3.06 � 10�10 m2 s�1 which is similar
to that of C2N0S (3.19 � 10�10 m2 s�1). For ease of illustration,
we present the C1N0E structure in the individual form instead
of the resonance form.

Instead of solving the mixed model product molecules in
a single spectrum, we exploited the NMR additive property to
simplify the 1H and 13C signal assignments of C1N0 and C2N0.
Because the Michael addition subjects to the stoichiometry
equivalent reactants ratio is 1 : 1, a series of model experiments
with different BTA and PMI reactant ratios were performed to
assist the analysis of C1N0 and C2N0 signal assignments. If
considerably higher BTA than is required exists to complete the
Michael addition STOBA synthesis, the major product must be
the C1N0. The excessive BTA may undergo Knoevenagel
condensation or remain inert. If the molar ratio of PMI to BTA is
2 : 1, the dominant model product must be the C2N0. If the
molar ratio of PMI to BTA is more than 2 : 1, in addition to the
C2N0 product, the surplus PMI should exhibit no appreciable
self-polymerization. Therefore, by changing the reactant molar
ratios, we can conrm that the Michael addition is the domi-
nant mechanism and the relative reaction rate of Knoevenagel
condensation and PMI thermal polymerization can be ignored.
Fig. 8 lists the spectra of PMI and BTA reactions with molar
ratios of 4 : 1, 2 : 1, 1 : 1, and 1 : 4.
RSC Adv., 2017, 7, 651–661 | 657
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Fig. 8 1H spectra of the reactions of PMI and BTA in ratios of (a) 4 : 1,
(b) 2 : 1, (c) 1 : 1, and (d) 1 : 4 in solvent DMF at 90 �C. The peak with an
asterisk on it is the residual proton signal of the inserted capillary filled
with 99.9% D2O.
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The different reactant molar ratio model experiments
conrmed that the Michael addition is the dominant reaction
mechanism of the PMI and BTA experiment. When the molar
ratio of PMI to BTA is 2 : 1 (Fig. 8(b)), most of the reactants were
exhausted, indicating that one BTA's a-methylene carbon interacts
with two PMI C]C carbons in the Michael addition reaction and
all the other mechanisms could be ignored. The major products
are C2N0A and C2N0S. In cases where there are more BTA than
required for the Michael addition (Fig. 8(c) and (d)), the excess
BTA molecules may undergo the Knoevenagel condensation. The
evidence of Knoevenagel condensation can be identied by the
three characteristic signals as mentioned before and a broader
water signal centered in approximately 4.2 ppm. By contrast, when
there are more PMI than required for the Michael addition
(Fig. 8(a)), the excess PMI molecules did not undergo the thermal
polymerization appreciably. This presents two conclusions: the
model experiments experienced mainly the Michael addition
mechanism and the reaction rates in the model experiments and
STOBA synthesis reaction were in the order of Michael addition
[ Knoevenagel condensation > thermal polymerization.

By utilizing the NMR additive property and the different
reactant ratio model experimental results as database, we may
treat the mixture signal analysis of any model experiment as the
summation of C1N0 and C2N0 signals multiplied by weighting
factors for C1N0 and C2N0. Therefore, in the 1H signal
Table 2 Summations of proton signal integrations of the tautomers C1N
reaction of 7.5 wt% PMI(1)BTA(1) in DMF at 90 �C for 5 hours

Evolution time
(days)

DMF 8.02
ppm

C1N0K +
C1N0E 11.34–11.

265 1.000 3.250
244 1.000 3.253
216 1.000 3.251
202 1.000 3.252
195 1.000 3.250
188 1.000 3.258
3 1.000 3.258

658 | RSC Adv., 2017, 7, 651–661
assignments of the PMI(1)BTA(1) spectrum of Fig. 8(c), all the
signals are a composition of C1N0 and C2N0. In fact, the NMR
diffusion coefficient results revealed that there are mainly two
fundamental types of coefficient values of 3.44 � 10�10 m2 s�1

and 3.13 � 10�10 m2 s�1, respectively, for the main products of
PMI(1)BTA(1) in DMF. Because the PMI(2)BTA(1) spectral
signals are mainly from the C2N0, which is a small monomer
molecule, we may solve the assignments of C2N0 with no
ambiguity. Similarly, from the PMI(1)BTA(4) spectrum
(Fig. 8(d)), we may identify all C1N0's signals accurately. Once
the C1N0 and C2N0 signals were identied, the chemical shi
positions of main product of PMI(1)BTA(1) can be solved
accordingly. By adjusting the weighting factors of C1N0 and
C2N0, the quantitative signal analysis of any reactant molar
ratio spectra can be resolved. Because NMR belongs to the
spectroscopy technology, the aforementioned description is
similar to the decomposing of an arbitrary wavefunction to its
orthonormal basis set with precise quantitative information.

In principle, the 1H and 13C signal assignments of the four
model products could be conducted by the strategy mentioned
previously to analyze the product molecules one by one.
However, the line width caused by the inevitable relaxation
phenomenon and moreover, the crowded overlapped splitting
patterns of mutual interference of four similar product struc-
tures convinced us to directly perform the C1N0 and C2N0
mixture analysis of the PMI(1)BTA(1) model experiment. For
signal assignments, the rst and most important thing is to
choose a unique starting signal. According to the chemical shi
shielding considerations, we initiated from the a-methylene
carbon of C1N0E because its quaternary carbon has a resonance
stabilized partial C]C double bond character. This makes its
13C signal to locate in approximately 72 ppm, which is a well-
isolated position from the others. However, the 1H and 13C
assignments of C1N0E are considerably puzzling. In the PMI(1)
BTA(1) model experiment, the amount of PMI is not sufficient to
react with BTA to produce C2N0 completely. Therefore, there
are some C1N0K molecules produced. Because the reaction rate
of C1N0K interacting with PMI to become C2N0 is considerably
faster than that of C1N0K to C1N0E interstructure conversion,
there is only trace amount of C1N0E found immediately aer
the PMI(1)BTA(1) model experiment. However, when the model
experimental products were stored at room temperature for
a period of time, the intensities of C1N0K decreased and the
intensities of C1N0E increased. Table 2 shows that the total
0K and C1N0E under room temperature and time evolution after the

87 ppm
C2N0A 12.02
ppm

C2N0S 12.17–12.12
ppm

0.778 1.374
0.774 1.374
0.776 1.371
0.778 1.379
0.772 1.375
0.778 1.372
0.778 1.372

This journal is © The Royal Society of Chemistry 2017
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Table 3 1H and 13C signal assignment procedures of model products
(a) C1N0E; (b) C1N0K; (c) C2N0A; and (d) C2N0S of the model
experiment of 7.5 wt% PMI(1) and BTA(1) in DMF at 90 �C for 5 hours

Step Starting Pulse sequence J-Connected information Conrmed

(a)
1 C5 HMBC 2JC5H7

, 3JC5H8,80
H7, H8,80

2 H7, H8,80 Edited HSQC 1JC7H7
, 1JC8H8

C7, C8

3 H7 HMBC 2JC11H7
, 3JC9H7

C11, C9

4 C5 HMBC 3JC5H1
, 3JC5H3

H1, H3

5 H1, H3 HMBC 2JC2H1,3
, 2JC4H1,3

, 2JC6H1,3
C2, C4, C6

6 H1, H3 H–N HSQC 1JN1H1
, 1JN3H3

N1, N3

(b)
1 H5 COSY 2JH5H7

, 3JH5H8,80
H7, H8,80

2 H7, H8,80 Edited HSQC 1JC7H7
, 1JC8H8

C7, C8

3 H7 HMBC 2JC11H7
, 3JC9H7

C11, C9
3 3
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signal integration of C1N0, the summation of C1N0E and
C1N0K, maintained approximately the same for all times while
the intensity of C2N0A or C2N0S is approximately the same.
Therefore, we conclude that it is the tautomerization of C1N0K
to C1N0E happened during the room temperature storage time
period instead of the Michael addition.

Fig. 9 shows the 1H spectra of the PMI(1)BTA(1) experimental
results stored in room temperature for 3 days and 8 months,
respectively. It shows that the specic signal of C1N0E at
�11.7 ppm is increased and the signal of C1N0K at �11.2 ppm
is decreased. Furthermore, unused BTA signal intensities at
11.2 ppm (the amide protons) and 3.62 ppm (the a-methylene
protons) are decreased, conrming the GPC results that BTA
will be decomposed at room temperature when dissolved in
DMF for several days. Until now, we are safe to start the 1H and
13C signal assignments of PMI(1)BTA(1) from the a-methylene
carbon of C1N0E. Through a series of two-dimensional through-
bond connectivity heteronuclear multiple-bond coherence
(HMBC), correlation spectroscopy (COSY), multiplicity-edited
1H–13C HSQC, and 1H–15N HSQC pulse sequences, the 1H and
13C signal assignments of C1N0E can be completed without
ambiguity. For the 1H, 13C assignments of the C1N0K molecule,
we chose the well-isolated signal of number 5 proton as the
starting point (Scheme 2(a)) and also used the NMR through-
bond connectivity pulse sequence experiments to resolve all
signals.

Aer reacting with BTA, the attached PMI ring in C2N0 is no
longer planar. Therefore, there will be two types of geometric
arrangements of the two attached PMI molecules in the C2N0
product. One of the arrangements has the two amino protons in
the same chemical shi position and this corresponds to the
two attached PMI in an anti-symmetric geometric arrangement
with respect to the BTA plane. We name this type of C2N0
molecule the C2N0A and the other symmetric geometric
arrangement molecule is called C2N0S. We start the assign-
ments of C2N0 from the extremely downeld amino protons
(located in the chemical shi range of 11.9 to 12.2 pm) to avoid
ambiguity. The doublet signals at approximately 12.1 ppm
are certainly from C2N0S, irrespective of being from splitting
Fig. 9 1H spectra of 7.5 wt% PMI(1)BTA(1) in DMF at 90 �C for 5 hours
model experiment measured after (a) 3 days, and (b) 8 months. The
signal with an asterisk on it is the amide protons of C1N0K; the doublet
signals with two asterisks on them are the amide protons of C1N0E.

This journal is © The Royal Society of Chemistry 2017
pattern or integration values. To prevent the proton splitting
signals from overlapping, 800 MHz ultrahigh eld NMR has
been used. Through a series of heteronuclear through-bond
connectivity of HMBC, edited1H–13C HSQC, 1H–15N HSQC
pulse sequences, and homonuclear through-bond connectivity
of COSY, the 1H, 13C assignments of C2N0A and C2N0S can be
completed without ambiguity. For example, the 1H and 13C
signal assignments of model product C1N0K can be obtained as
in Table 3(a).

Here we take the model spectrum of 7.5 wt% PMI(1) and
BTA(1) in DMF at 90 �C for 5 hours and stored for 8 months as
the example to explain the procedure that how we perform the
1H, 13C, and 15N signal assignments. Because of the keto-to-enol
tautomerization, there is very few C1N0K le. First, the
tautomer C1N0E has its No. 5 carbon to located in an isolated
position of approximately 72.4 ppm. From the cross-peak
results of the HMBC experiment, we obtain the chemical
shis of No. 7 and No. 8 protons. Second, by using the edited
HSQC cross-peak results, the chemical shis of No. 7 and No. 8
carbons can be identied. Third, starting from No. 7 proton and
inspecting the HMBC results, the chemical shis of No. 11 and
No. 9 carbons can be deduced. Fourth, checking the cross-peak
4 C5 HMBC JC5H1
, JC5H3

H1, H3

5 H1, H3 HMBC 2JC2H1,3
, 2JC4H1,3

, 2JC6H1,3
C2, C4, C6

6 H1, H3 H–N HSQC 1JN1H1
, 1JN3H3

N1, N3

(c)
1 H1, H3 HMBC 3JC5H1

, 3JC5H3
C5

2 C5 HMBC 2JC5H7
, 3JC5H8,80

H7, H8,80

3 H7, H8,80 COSY 3JH7H8
, 2JH8H80

H8, H80

4 H7, H8,80 Edited HSQC 1JC7H7
, 1JC8H8

C7, C8

5 H7 HMBC 2JC11H7
, 3JC9H7

C11, C9

6 H1, H3 HMBC 2JC2H1,3
, 2JC4H1,3

, 2JC6H1,3
C2, C4, C6

7 H1, H3 H–N HSQC 1JN1H1
, 1JN3H3

N1, N3

(d)
1 H1, H3 HMBC 3JC5H1

, 3JC5H3
C5

2 C5 HMBC 2JC5H7
, 3JC5H8,80

H7, H8,80

3 H7, H8,80 COSY 3JH7H8
, 2JH8H80

H8, H80

4 H7, H8,80 Edited HSQC 1JC7H7
, 1JC8H8

C7, C8

5 H7 HMBC 2JC11H7
, 3JC9H7

C11, C9

6 H1, H3 HMBC 2JC2H1,3
, 2JC4H1,3

, 2JC6H1,3
C2, C4, C6

7 H1, H3 H–N HSQC 1JN1H1
, 1JN3H3

N1, N3
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Table 4 1H and 13C assignment results of reactants and products of the model experiment of 7.5 wt% PMI(1) and BTA(1) in DMF at 90 �C for 5
hours

Reactant

Signal

H1, C1 H2, C2 H3, C3 H4, C4 H5, C5 H6, C6 H7, C7 H8, C8 H9, C9 H10, C10 H11, C11 H12, C12

BMI 7.17 7.17 7 7 7 7 7.35(d) 7.44(d) 7 7.44(d) 7.35(d) 4.10
134.75 134.75 170.18 7 170.18 130.21 127.04 129.36 141.12 129.36 127.04 40.58

PMI 7.18 7.18 7 7 7 7 7.46(d) 7.55(t) 7.45(t) 7.55(t) 7.46(t) 7

134.76 134.76 170.17 7 170.17 132.20 126.93 129.06 127.85 127.85 126.93 7

BTA 11.14 7 11.14 7 3.60 7 7 7 7 7 7 7

7 151.99 7 167.87 39.42 167.87 7 7 7 7 7 7

Product

Signal

BTA-CH1 BTA-CH0 BTA-NH BTA-CO2N BTA-CO1N PMI-CH PMI-CH2 PMI-o PMI-m PMI-p PMI-q PMI-CO

PMI-
C1N0K

4.795 N.A. 11.57 N.A. N.A. 4.086 3.00/3.14 7.35 7.53 7.44 N.A. N.A.
50.03 N.A. 150.95 168.32/168.97 37.35 32.73 127.14 128.95 128.32 133.43 178.22/175.95

PMI-
C2N0S

N.A. N.A. 12.121 N.A. N.A. 4.30 3.14/3.37 7.33 7.53 7.46 N.A. N.A.
N.A. 55.37 12.172 149.84 170.23/170.93 44.47 32.18 127.13 129.08 128.68 132.76 175.76/174.40

PMI-
C2N0A

N.A. N.A. 12.015 N.A. N.A. 4.34 3.43/3.53 7.28 7.52 7.44 N.A. N.A.
N.A. 51.42 150.13 171.71 46.52 31.73 126.94 129.17 128.84 132.38 176.13/174.61

PMI-
C1N0E

N.A. N.A. 11.752 N.A. N.A. 4.233 3.12/3.47 7.26 7.51 7.44 N.A. N.A.
N.A. 72.38 11.772 150.00 170.60/170.70 46.22 31.1 127.00 129.05 128.95 132.68 176.13/175.67
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information of HMBC, we nd the multiple bond connectivity
between No. 5 carbon and No. 1 and 3 protons. Furthermore, by
checking the cross-peak information of HMBC, we nd the
through-bond connectivity information between No. 1, 3
protons and No. 2, 4, 6 carbons. Finally, the nitrogen chemical
shis can be determined by the cross-peak information of
1H–15N HSQC experimental results. Table 4 lists the 1H and 13C
assignment results of the model experiment of 7.5 wt% PMI(1)
and BTA(1) in DMF at 90 �C for 5 hours and stored at room
temperature for 8 months. In Table 4, the BTA-CH1 stands for
the CH group which is on the BTA portion; the BTA-CH0 stands
for the carbon atom which is on the BTA portion where there is
no proton attached; the BTA-NH stands for the NH group which
is on the BTA portion; the BTA-CO2N stands for the amide
carbon on the BTA portion where the carbon atom is attached
one oxygen atom and two nitrogen atoms; the BTA-CO1N stands
for the amide carbon on the BTA portion where the carbon atom
is attached one oxygen atom and one nitrogen atoms; the PMI-
CH stands for the CH group which is on the PMI portion; the
PMI-CH stands for the CH group which is on the PMI portion;
the PMI-CH2 stands for the CH2 group which is on the PMI
portion; the PMI-o stands for the C and H atoms located on the
ortho positions of the PMI portion; the PMI-m stands for the C
and H atoms located on the meta positions of the PMI portion;
the PMI-p stands for the C and H atoms located on the para
position of the PMI portion; and the PMI-COp stands for the C
atom located on the amide carbon position of the PMI portion.
Conclusion

We used molecular level NMR spectroscopy to demonstrate that
the STOBA synthesis reaction of 7.5 wt% MDA-BMI(1)BTA(1) in
660 | RSC Adv., 2017, 7, 651–661
DMF at 90 �C for 5 to 9 hours undergoes mainly the Michael
addition mechanism. The BTA's a-methylene carbon acts as the
nucleophile to initiate the reaction to react with the electro-
philic maleimide C]C double bond ofMDA-BMI in theMichael
addition stepwise polymerization reaction. The alternative
hydrogen bond acceptors (carbonyl oxygens) and donors (amide
protons) of the BTA molecule provide physical attraction forces
for STOBA to form primary structure with diameter 3 to 5
nanometers, and among primary structures to form the STOBA
secondary structure with diameter 40 to 70 nanometers. The
physical attraction forces of the secondary structure are corre-
lated to the hyperbranched characters of the STOBA.

The in situ time evolution NMR results provided dynamic
information of all possible competing mechanisms. The self-
reaction experimental results of MDA-BMI, PMI, and BTA
molecules revealed the reaction rate order of BTA–BTA > BMI–
BMI > PMI–PMI. The reactions of PMI with 1,3-DMBTA and 5,5-
DMBTA showed that the a-methylene carbon of BTA is much
more active than that of amide nitrogens. The adding order
effect of reactants explains that the BTA's a-methylene carbon
behaves as the electron donors (nucleophile) to initiate the
Michael addition reaction with MDA-BMI's maleimide C]C
double bond in the STOBA synthesis reaction. The introduction
of model compound PMI and model experiments of PMI and
BTA reactions enhanced the spectral resolution and simplied
the analysis of the STOBA synthesis reaction to become the
analysis of model products of C1N0K, C1N0E, C2N0A, and
C2N0S. On the basis of a series of different reactant molar ratio
model experimental results, we inferred that the reaction rates
among competing reactionmechanisms of the STOBA synthesis
reaction are in the order of Michael addition of the rst BTA a-
methylene proton reacts with BMI/PMI C]C double bond >
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25420a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 2
:0

4:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Michael addition of the second BTA a-methylene proton reacts
with BMI/PMI C]C double bond [ C1N0K to C1N0E tauto-
merization > BTA Knoevenagel condensation > MDA-BMI
thermal polymerization > PMI self-polymerization. The ring-
opening aminolysis reaction between MDA-BMI and BTA, and
the BTA ketone radical reaction were not observed in this
reaction conditions.

The room temperature tautomerization interstructure
conversion between C1N0K and C1N0E provides the opportu-
nity of model product 1H and 13C signal assignments. Taking
the benet of the ultrahigh spectral resolution of 800 MHz NMR
and through a series of homonuclear through-bond connec-
tivity of the COSY experiment and heteronuclear through-bond
connectivity of HMBC, multiplicity-edited 1H–13C HSQC,
1H–15N HSQC experiments, the 1H and 13C signal assignments
of C1N0K, C1N0E, C2N0A, and C2N0S can be completely iden-
tied without ambiguity.

Factors such as solvent, BMI and BTA reactant types, reac-
tion temperature, reaction time, stir rate, reactant ratio, total
concentration, etc. will affect the competition power of the
Michael addition polymerization and radical polymerization of
the STOBA polymer products. Additional studies are underway
to examine the effects of these factors.
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