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The significant growth of the production and use of flexible polyurethane (PU) foam causes increased waste
accumulation, thereby creating a demand for the recycling of PU. While upgrading PU materials to recycled
polyols has been studied in detail, the recovery of diisocyanates is a longstanding challenge. Montmorillonite
K10 (MK10) has been proposed as a catalyst to convert carbamates into isocyanates, but its prospects are unclear.
Here, the MK10-catalyzed decomposition of methyl phenylcarbamate (MPC) into phenylisocyanate (PI) and the
side product N,N’-diphenylurea (DPU) has been studied as a model reaction for the decomposition of PU foam
and the potential recovery of PI. The effects of the amount of catalyst, the temperature, and the solvent were
investigated by HPLC analyses. Kinetic analysis revealed that the uncatalyzed rate of the MPC decomposition is
much lower than the catalyzed rate, indicating that the thermally driven decomposition is negligible. Our results,
involving both experimental kinetic studies and models of the kinetics, show that, while MK10 effectively cat-
alyzes the decomposition of MPC, it also causes the formation of aniline, which reacts with PI to form DPU. As a
result, large amounts of MK10 favor DPU and prevent the selective formation of PI, and yields of PI >30 % were
never observed. Likely, the OH groups of MK10 form covalent bonds with PI, causing a deficiency in the mole
balance. Overall, MK10 is unsuited to provide high yields of isocyanates.
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Introduction

Polyurethane (PU) materials are an integral part of everyday life
with a wide range of applications such as mattresses, insulation mate-
rials, and fibers for textiles [1-5]. The PU global market is expected to
grow from 15 million tons in 2020 to 20 million tons by 2025 due to the
expansion of the mattress, furniture, electronics, automotive, and con-
struction industries [6]. In 1947, Otto Bayer first reported the poly-
addition reaction of diols and diisocyanates to produce PUs [7,8]. Since
then, PUs have been widely developed and diversified into a variety of
applications [9]. However, with the significant growth of the PU in-
dustry, waste accumulation has risen, leading to a demand for the
recycling of these materials. Recycling of PU by any selective

depolymerization is still economically challenging for the large-scale
regeneration of the diisocyanates [10,11]. The most in-demand diiso-
cyanates are methylene diphenyl diisocyanate (MDI) and toluene dii-
socyanate (TDI), followed by their aliphatic counterparts, such as
hexamethylene diisocyanate (HDI) and isophorone diisocyanate (IPDI)
[12]. The alcoholysis of PUs delivers carbamates which can potentially
be upgraded to diisocyanates for chemical recycling. Hence, reactions
that could convert carbamates into isocyanates are of interest.

Most commonly, isocyanates are synthesized in the industry by
phosgenation of an amine [13]. However, phosgene exhibits pro-
nounced toxicity and generates hydrochloric acid as a byproduct, which
is very corrosive. Several green alternative methods have been devel-
oped on a laboratory scale; however, few are economically competitive
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for the application. One such alternative method is the formation of
carbamates by reaction with carbonate and its subsequent decomposi-
tion to isocyanates. The decomposition of methyl phenylcarbamate
(MPC) to phenylisocyanate (PI) has been reported under several
different catalytic conditions [14]. However, these studies are mostly
focused on reagent conversion and did not provide mole balances, yields
or side product analyses [15].

It was demonstrated by Zamani et al. that in closed systems, the
thermal and catalytic elimination of MPC to PI is an equilibrium reaction
favoring the carbamate at moderate temperatures, which provides a
challenge to optimize the yield of the isocyanate [15]. In this study, it
was reported that in a closed reactor, in which water cannot be removed,
the catalyst hydrolyzed the PI, yielding aniline as the main product and
forming N,N’-diphenylurea (DPU) as a side product, with no residual PI
[15]. In contrast, catalytic elimination of MPC to PI in open systems
holds the potential to remove water to suppress side product formation.
Valli and Alper have reported a method of capturing the methanol with
chlorocatecholborane and triethylamine as a simple and efficient way to
drive the equilibrium to the isocyanate [16]. Although boron trichloride
favors the isocyanate formation [17], sacrificial boron reagents are not
affordable for industrial use. Alternatively, Dai et al. investigated the
possibility of removing the alcohol by evaporation during the BiyO3--
catalyzed decomposition of MPC in o-dichlorobenzene (ODCB), and
produced PI in 78 % yield, with DPU [18]. Similarly, Uriz et al. reported
an approach to the decomposition of MPC using the surface-active
inorganic clay montmorillonite K10 (MK10) as an acidic catalyst with
alcohol evaporation, in refluxing ODCB with a 96 % conversion of MPC
[19]. However, neither the actual yields of PI and DPU nor the mole
balance were given. This triggered us to study this reaction with a reflux
system in more detail since MK10 is of potential interest for heteroge-
neous catalytic processes in industry [20].

The aim of this study is to investigate the decomposition of MPC to PI
and side products, employing MK10 catalysis in ODCB under reflux
conditions. We aim to answer the question whether or not MK10 has the
potential to provide high enough yields of isocyanates to make it a
suitable candidate for the conversion of carbamates into isocyanates in
chemical industry. We target the integration of experimental work and
kinetic modelling to provide detailed insight into the roles of MK10 in
carbamate conversion and the promotion of side-reactions. To do so, the
reaction was performed with varying amounts of MK10, and the con-
version of MPC and its kinetics were monitored by HPLC. The temper-
ature and solvent effects on the decomposition were also investigated.
On the basis of the acquired information, a kinetic model was developed
to provide further insight into the role of the MK10 catalyst in this
reaction.

Results and discussion

The catalytic decomposition of MPC produces PI and methanol
(Scheme 1). PI may react with traces of water to form aniline and CO,
and the aniline can then react with another equivalent of PI to form DPU.
Under reflux conditions at the boiling point of ODCB (i.e., at 180 °C), we
expect that methanol and water are effectively removed from the reac-
tion medium, at least to a large extent, allowing the build-up of PI. For
the kinetic study of the decomposition of MPC to PI, aniline and DPU, a
mixture of MPC and MK10 in ODCB was heated to 180 °C in a silicone oil
bath for 3 to 9 h. Aliquots were taken at several designated times of 5,
30, 60, 120, 180, 300, 420, and 540 min. Basic product identification
was performed by 'H NMR comparing filtrate after reaction and the
commercially available DPU (see Fig. S1). By varying the catalyst-
reagent ratio, MK10:MPC (w/w) at 2, 1, 0.5, 0.3, and O (thermal) with
exact masses of MK10 shown in Table S1, we studied its effect on the
yields of both PI and DPU. To ensure maximum comparability, the same
amount of solution (8 mL) and identical stirring conditions (800 rpm)
were used in all experiments. All the aliquots for each MK10:MPC (w/w)
experiment were taken at a comparable time series and analyzed by
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Scheme 1. Decomposition of MPC to PI, aniline and DPU.

HPLC. Since isocyanates are highly reactive compounds, a derivatization
reaction into 1,1-dibutyl-3-phenylurea (PI-DBA) was needed for repro-
ducible HPLC analysis. The concentrations of PI, DPU, and unreacted
MPC in the crude mixture were determined in order to assess the rates of
decomposition of MPC and of formation of PI and DPU.

Fig. 1 shows the results of the MK10 catalyst dependence, by plotting
the concentrations of MPC, PI, and DPU as a function of time. Although
our HPLC setup was capable of detecting aniline, we did not observe any
appreciable amounts of it. In the absence of MK10, the initial rates of
change of all three species are significantly lower compared to those in
the presence of MK10, confirming the catalytic effect of MK10. Fig. 1a
shows that, for each catalyst-reagent ratio, the MPC concentration fol-
lows an exponential decay trend, with faster decay rates for higher
amounts of catalyst. Thus, adding MK10 speeds up the decomposition of
MPC proportionally. This catalytic effect of MK10 on the conversion of
MPC has been observed before [19]. In contrast, as described above, it
was reported by Zamani et al. [15] that water in MK10 hydrolyzed the PI
in a closed reactor, yielding aniline as the main product at 200 °C.
Overall, we conclude that our open system allows the formation of PI
and largely prevents its hydrolysis to aniline, as was also observed by
earlier studies.

Fig. 1b shows that, in the presence of MK10, the concentration of PI
reaches a plateau after a certain period of time. The point at which the
curves reach the plateau is affected by the ratio of MK10 to MPC. The
more catalyst, the earlier the plateau is established. In particular at
higher catalyst ratios (MK10:MPC (w/w) is 1 and 2), substantially less PI
is produced. Fig. 1c shows that, in the presence of MK10, the concen-
tration of DPU increases steadily following a linear trend, and the rate of
change is increased proportionally with increasing ratio of MK10 pre-
sent. Considering the fact that PI reaches a plateau while MPC decom-
position and DPU production are ongoing, it can be concluded that PI is
an intermediate to DPU. As a result, the formation of DPU from PI
prevents the accumulation of PI over time. We note that the conversion
into DPU is not sufficiently high to observe the expected decrease of PI
after reaching the quasi-steady state. Additionally, as will be discussed
below, the DPU may also equilibrate between aniline and PI [21],
similar to the equilibrium between MPC, PI and methanol. The modest
yields of PI are in contrast to what has been observed before [19].

Fig. 1d shows that the mole balance (based on aromatic moiety) for
each MK10:MPC (w/w) ratio deviates from theoretical expectation. Loss
of mole balance occurs even in the absence of catalyst, but is stronger at
higher catalyst ratios. Assuming first-order kinetics for the MPC
decomposition, the rate constant k; can be obtained from fitting the
curves in Fig. 1a to an exponential decay function. The resulting rate
constant k; is plotted as a function of the catalyst-reagent ratio (w/w) in
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Fig. 1. Concentrations of MPC, PI, and DPU as a function of time, obtained from HPLC analyses of MPC decomposition experiments in ODCB, at 180 °C, in the
presence of varying amounts of MK10. (a) Conversion of MPC, fits to 1st order kinetics. (b) PI formation fits to [PI], = [PI]4(1 — e’k”‘), merely as a guide to the eye.
(c) DPU formation, line fits of initial rates. (d) Deficiency of mole balance in time. The standard deviations for DPU yield, PI yield and mole balance were calculated as

+0.07, £0.06, and +0.03, respectively.
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Fig. 2. (a) Initial rate constant k; of MPC decomposition as a function of MK10:MPC (w/w), fitted to: k1 = kiync + k1 car'x = 0.000018 + 0.0057x, where x = the
weight ratio Wyk10/Wimpy- (b) Initial rates of MPC decomposition, PI formation and DPU formation as a function of MK10:MPC (w/w) ratio.

Fig. 2a. The fitted line equation for k; gives the slope for the catalyzed
contribution kj ot equal to 0.0057 + 0.0002 min~! (wMKlo/prc)’l. The
uncatalyzed rate constant kjyp (0.000018 + 0.000265 min~ 1) was
determined accordingly from the intercept of Fig. 2a. At all catalyst
amounts used, kjunc is much smaller than the catalyzed rate constant
kicat of the MPC decomposition. Therefore, the contribution of the
thermally driven decomposition is neglected.

Fig. 2b shows the initial rates of MPC decomposition, PI formation
and DPU formation and exact initial rates of MPC, PI and DPU are shown
in Table S2. The initial rate of MPC decomposition is linearly dependent
on the MK10-MPC ratio, as already discussed. The initial rate of PI
formation is equal to MPC decomposition at low catalyst amounts, but

levels off at high MK10:MPC. The initial rate of DPU instead is close to
zero at low catalyst amounts but increases with MK10:MPC. The level-
ling off of the PI formation rate indicates that the formed PI is quickly
removed by follow-up reactions, most likely to aniline and DPU. Since
we do observe aniline neither in the reaction medium nor in Soxhlet
extractions (see below), we conclude that any formed aniline may react
away quickly to DPU. Alternatively, aniline may adsorb to the catalyst in
ionic form, which could resist extraction. Based on these kinetic data,
large amounts of MK10 prevent the selective formation of PI, as wit-
nessed by the levelling off of its formation rate, and no large yields of PI
can be obtained at any catalyst ratio. Worse, increasing amounts of
catalyst have an increasingly detrimental effect on the production of PI,
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as the catalyst apparently stimulates the follow-up reaction to DPU more
strongly than it favors the conversion of MPC.

Fig. 3 shows the selectivity-conversion profiles of PI and DPU. From
Fig. 3a, it is clear that modest amounts of catalyst do not affect the
selectivity toward PI (although the rate goes up considerably with
catalyst amount, for both PI and DPU formation, see Fig. 1). Only at the
highest catalyst loadings, the formation of PI is negatively affected, in
line with observations seen in Fig. 1b. From Fig. 3b, it appears that the
induction time for forming DPU occurs at around 20-30 % conversion of
MPC, regardless of catalyst amount. This indicates that aniline and PI are
key contributors to the formation of DPU. The comparison between
Fig. 3a and 3b indicates that, at MK10:MPC ratios of 1 and 2, the loss of
PI selectivity does not lead to more pronounced formation of DPU,
indicating that the loss of PI must lead to some other, undetected
product.

Fig. 4 shows the deviation (deficiency) of the mole balance as a
function of MPC conversion (a), PI yield (b) and DPU yield (c), as
calculated by subtracting the experimental mole balance from the ex-
pected 100 %. It is evident that the mole balance deviates further from
expectation with increasing amounts of MK10 present. In particular, as
seen in Fig. 4a, when MK10:MPC (w/w) is 1 and 2, an increase in the
deficiency of mole balance is observed compared to no or lower catalyst
amounts. This may be rationalized by the adsorption (by physisorption
or chemisorption) of PI or other products onto the surface of MK10 at the
high catalyst ratios. To check for physisorption, Soxhlet extraction of the
MK10 was performed after each experiment. In this way, only DPU could
be recovered in mere trace amounts. So, physisorption of reagent or
product does not appear to be a major issue, and hence does not explain
the mole balance deficiency. Also washing of the condenser did not lead
to significant amounts of trapped products.

Another possible reason for the deviation of the mole balance might
be the presence of -OH groups on the MK10 surface that could covalently
bind to PI (chemisorption). The possibility of a reaction between -NCO
of PI and an -OH surface groups of MK10 has been reported by Xu et al.
[22].

The possibility of carbamate formation by reaction of PI with the Si-
OH groups of MK10 was investigated with FTIR (see Fig. S2). To test this,
PI (0.6 mmol) was heated at 180 °C in ODCB in the presence of MK10
and the products were analyzed. After 2 h, 60 % PI and 26 % DPU were
detected with an 86 % mole balance. As a control, PI was also heated in
ODCB in the absence of MK10. After 2 h reflux, only PI was observed. In
our experimental setup and analytical procedure, the formation of
dimerization or trimerization species was not detected in the HPLC
spectrum. It remains possible that trace amounts of these side products
might have formed at 180 °C, but they were likely below the detection
threshold of the HPLC system. This suggests that, within the parameters
of our study, these side reactions were not a dominant feature of the
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reaction process.

The FTIR spectrum of MK10 was acquired after the reaction, and a
comparison was made with the initial MK10 spectrum. In Fig. S2, the
emergence of a novel peak at 1705 cm ™! suggests the potential presence
of a carbonyl group in a carbamate compound. A comparison with the
FTIR spectra of aniline, DPU and MPC, with the reference carbonyl peak
at 1755 cm ™., typically associated with trimer isocyanate [23], strongly
indicates the likelihood of carbamate formation. The observation sup-
ports the possibility of chemisorption, by reaction of PI to catalyst-OH
groups, making this a plausible explanation for the observed mass bal-
ance loss at high catalyst amounts. Additionally, some peaks, notably
those between 1300 and 1450 cm ™! (Fig. S2b), observed for the reaction
of PI with MK10 overlap with those obtained by subjecting MK10 to
aniline under reaction conditions. However, these signals do not seem to
come from the ionic adsorption of protonated aniline (Fig. S2d). So,
reaction of PI and of aniline with MK10 appears to lead to bound
carbamate. Overall, we think the loss of mass balance has two compo-
nents: The catalyst-independent mole balance loss is tentatively
explained by the formation of a solid residue at the flask wall during
each experiment (which was indeed observed occasionally but appeared
very difficult to dissolve, thus escaping further analysis). In addition, the
catalyst-dependent mole balance loss is attributed to chemisorption of PI
(and aniline) to MK10.

To clarify the DPU formation pathway, the initial water content of
MK10 was analyzed by TGA (Fig. S3). Despite all the efforts to dry the
catalyst (at 300 °C for 12 h in a glass oven and keeping at 110 °C before
use), TGA results of dried MK10 showed that some residual crystal water
remains, possibly resulting from the transfer process of MK10 from the
oven to the reaction vessel. This residual water may evaporate during
ODCB reflux, and condense during the reaction at the glass surface of the
reflux setup. However, aniline could not be detected in the reaction
medium (detection limit < 3 %). This confirms that the water content
present in MK10 and/or the setup at the reaction temperature is suffi-
ciently high to react with PI to yield aniline, which then quickly reacts to
DPU. Higher temperatures are essential to drive the MPC decomposition,
since the reaction is endothermic and entropy-driven [15]. In order to
determine the temperature effect on conversion and yields, three
different reaction temperatures were investigated at MK10:MPC (w/w)
=1 for 9 h (Fig. S4). Only limited MPC conversion could be achieved in 9
h at 160 °C. Conversion increased significantly at 170 °C, while the
highest conversion was achieved at 180 °C. In Fig. S4, also the yields of
PI and DPU are given for the three different temperatures. At 160 °C,
only trace amounts of PI and DPU were detected. At 170 °C, the same
trend for the PI and DPU formation was observed. The best yield of PI
was achieved at the boiling point of ODCB. The results from these three
experiments support that the reaction temperature has a strong effect on
the MPC decomposition and yield of PI. Nevertheless, as already
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observed before, the yield of PI is never very high, which is attributed to
the endothermic nature of the MPC decomposition.

We developed a kinetic model for the conversion of MPC to PI and
DPU in ODCB, in order to fit the data presented in Fig. 1. The main
considerations about which reaction steps to include and which rate
equations to use, are provided in the Supplementary Information. All
data sets at different catalyst amounts were fitted with a single set of
parameters that were optimized in a least-squares minimization routine
using the measured concentrations of MPC, PI, DPU and the mole bal-
ance. Moderate to excellent fits were obtained, see Figs S8 and S9 and
Table S6. The conversion of MPC was fitted very well; the concentrations
of PI and DPU somewhat less well. Yet, various trends were covered
well, such as the lower plateau of PI at higher catalyst amounts, the slow
ramp-up of the DPU concentration, and the lower mass balances at
higher catalyst amounts. The fit was improved considerably when the
back reaction from DPU to PI and aniline was introduced, hence we
assume that also the formation of DPU is an equilibrium. We note that
the model predicts the formation of small amounts of aniline; we assume
that a fraction of it remains chemisorbed to the catalyst, as discussed
above. Although Table S6 does provide the fitted model parameters with
sensitivity intervals, we refrain from drawing further conclusions from
these data, since no independent kinetic measurements were performed
to target individual kinetic rate constants. Hence, the model should be
seen only as a support for the observations and discussions provided
above.

The model does not incorporate a concentration of free water
explicitly. Attempts to do so failed, in large part because of the absence
of real data on the water contents, and poorer fits were obtained. An
alternative model to explain the formation of DPU by the dispropor-
tionation of two MPC molecules to DPU and dimethyl carbonate was
ruled out. Although a decent overall fit of the data was obtained, the lag
time of DPU formation was not reproduced. This is logical since the
disproportionation is most favored at high MPC concentrations because
of the second-order nature of the reaction, which should favor the fastest
DPU formation at initial MPC conversion, which is evidently in contrast
with observations.

The main difference between a closed and an open reaction vessel is
the role of possible escape of volatile components, in particular water.
As mentioned above, earlier work using a closed vessel has shown no PI
but large amounts of aniline, in line with water remaining available for
direct reaction with liberated PI. In contrast, the current and other
studies have shown that open reactors with reflux conditions do show
the formation of PI, and little to no aniline is observed. Yet, exactly how
water is managed in such an open system remains unclear. Water
adsorbed to the catalyst may evaporate during temperature increase
before MPC conversion commences. Yet, water is necessary to explain
the formation of DPU, which is attributed to hydrolysis of PI to aniline,
followed by reaction with PI to DPU. It could be possible that some re-
sides in the cooling section of the setup and flows back into the reaction
vessel. However, implementing a molsieve section between the reaction

vessel and the condenser to bind gaseous water, did not show changes in
the product mixture (data not shown). We therefore assume that some
small amounts of water remain present inside the reaction mixture,
possibly also chemisorbed to the catalyst, and potentially becoming
available by reaction of PI to the catalyst’s OH groups followed by
dissociation of aniline from the chemisorbed catalyst-PI adduct. Further
work will have to shed light on the presence and role of water in this
reaction system.

Conclusions

Our general conclusion is that MK10 is unsuited as a catalyst for the
recovery of isocyanates at larger scale. As explained above, PI was
formed from the carbamate MPC, but its reaction yield never exceeded
30 %. Conversely, high catalyst amounts favored the destruction of PI to
DPU as well as chemisorption of PI to the catalyst. Obtaining closed mole
balances appeared difficult; loss of mole balance appeared to have
catalyst-independent and catalyst-dependent contributions, which are
attributed to solid residue formation at the reaction flask and to chem-
isorption to the catalyst, respectively. The role of water in the process
remains difficult to elucidate fully, as part of it may evaporate during
reflux and part may remain available in the reaction mixture and/or
chemisorbed to the catalyst. Overall, this work contributes to the un-
derstanding of isocyanate formation from carbamates, which is relevant
for PU recycling. Different catalysts and more stringent water control
will be necessary to achieve higher yields of isocyanates.

Experimental
Chemicals

Montmorillonite K10 (MK10, surface area 220-270 rnz/g), ortho-
dichlorobenzene (ODCB, 99 %), acetonitrile (ACN; water < 30 ppm),
dimethyl sulfoxide (DMSO, > 99.9 %), dibutylamine (DBA, > 99.5 %),
trifluoroacetic acid (TFA), dimethyl sulfoxide-dg (DMSO-dg, 99.9 %),
phenyl isocyanate (PI, > 98 %) 1,3-diphenylurea (DPU, 98 %), poly
(ethylene glycol) dimethyl ether (PEGDME, average Mn-250), dihy-
drolevoglucosenone (cyrene, > 98.5 %), 1-methylnaphthalene (1-MN, >
95 %), nitrobenzene (> 99 %), and 1,3-dimethyl-3,4,5,6-tetrahydro-2
(1H)-pyrimidinone (DMPU, > 98 % were purchased from Sigma-
Aldrich. Methyl N-phenyl carbamate (MPC) [24] and 1,1-dibutyl-3-phe-
nylurea (PI-DBA, used for calibration of the HPLC) [20] were synthe-
sized as described.

Methods and equipment

HPLC chromatography (Waters-2535) was performed with a column
Bridge©C18 5 pm (4.6 x 250 mm) with a UV-detector (2998 Photodiode
Array Detector) at a wavelength of 240 nm.

The glassware was dried in an oven at 110 °C for 2 h. The catalyst
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was dried at 300 °C for 12 h in a glass oven and kept at 110 °C in an oven
before each experiment. All experiments were performed, under N at-
mosphere, in a silicon oil bath and under ambient pressure. The MK10
sample was subjected to thermogravimetric analysis (TGA550, TA in-
struments). TGA was performed from 10 to 600 °C at a rate of 10 °C
min~'. FTIR spectra of MK10 before and after reactions were recorded in
the range of 350-4000 cm ™! on a Spectrum Two FTIR, PerkinElmer.

Experimental procedures

Catalyzed decomposition of MPC to PI and DPU

MK10 was dried at 300 °C for 12 h in a glass oven and kept at 110 °C
in an oven before each experiment. Into a slurry of pretreated catalyst
MK10 in ODCB (5 mL) in a 3-neck round bottom flask with an oil bath at
180 °C, a solution of MPC (100 mg) in ODCB (3 mL) was added. The final
reaction volume in ODCB was 8 mL. Subsequently, the reaction mixture
was heated while stirring at 800 rpm, and aliquots were taken at several
designated times. Since isocyanates are highly reactive compounds, a
derivatization reaction into a urea derivative was needed for stable
analysis. For this purpose, PI was reacted with dibutylamine to give 1,1-
dibutyl-3-phenylurea [25], which was added immediately after the
sample collection. The aliquots were then analyzed using HPLC (30 min
after sample collection) to determine the conversion of MPC, and the
yields of PI and DPU. Prior to the HPLC injection, MK10 was separated
from the sample mixture by PTFE syringe filters (HPLC-certified).

Analysis of HPLC calibration curves

The reaction progress was monitored with HPLC. In order to analyze
the conversion and the yield of the compounds, calibration curves were
made (Fig. S5) to pass through the origin of the coordinate. ODCB was
selected as the internal standard in all the samples. The samples were
formed mimicking the experimental samples with identical composi-
tion. A 10 mL stock solution was formed by mixing MPC, DPU, and PI-
DBA into ACN with concentrations of 0.01 mmol/mL, 0.005 mmol/mL
and 0.01 mmol/mL, respectively. The stock solution was mixed with
ACN to 0.56 mL and then an extra 0.06 mL ODCB was added (Table S3).
The resulting solution mixture was well mixed, whereupon 0.2 mL of it
was extracted and diluted with 0.2 mL ACN. The sample preparation
steps are shown in Fig. S6. In Fig. S7, the HPLC solvent system is shown.
The ratios of MPC to ODCB, DPU to ODCB, and PI-DBA to ODCB were
used as the y-axis of the calibration curves and the R? values of all the
curves are presented in Table S4. The slopes of the curves are used to
convert the HPLC signal of the designate compounds into their con-
centrations in every sample injection in Table S5. The reported carba-
mate conversion (Xypc) in Eq. (1) is based on the content of MPC left in
the HPLC injection given as I (in mmol), and the I, (in mmol) denoted as
the starting amount of MPC quantified corresponding to the calibration
curve.

Xype = (1—1/ 1) * 100% )

The yield of PI, denoted as Yp;, and that of DPU, given as Yppy, are
shown in Eq. (2) and Eq. (3), respectively.

Yp = PI/Iy % 100% (2)

Yppy = 2DPU /I, * 100% 3)

In Eq. (4), Pl refers to the content of stabilized PI-DBA and DPU refers
to the amount of DPU in the HPLC injection. The mole balance (Mp)
consists of the quantity of MPC left in the injection, the amount of MPC
converted into DPU and PI, which is shown in Eq. (4). Although the
reaction between MPC to DPU can involve multiple reaction steps, the
problem can be resolved by multiplying DPU by 2 to present a stoi-
chiometric relationship between MPC and DPU.

M, = (I+ PI+2DPU)/I, + 100% @
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